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ABSTRACT 


An ¢concmic analysis is mad of varicles po 
compresssd natural gas (CNG), alicohol, and electric vehicles 


(EV's) as pessible replacements fdr gasoline-powered vehi- 
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cies. Advantages and disadvan=agqes cf vehici2s powered by 
che various fuels are discuss? anaes oes Bima-2cus cf their 
Suitatility are made based on vehicle perrfermance chatact:r- 
istics and fuel availability. CNG and Ev's ere determined 
memepe Vidbile alternatives based on current state-of-the-art 
technology. Aicohol is not retained as a viable alternative 
because cr limited fuel availabilicy. MOCSlis are presented 
meget ==N ning <~he total life cyci¢ cost for casolin=, CNG, 
and EV‘'s. A fleet of seventy-two vehicles art the Naval 


Fostgraduate Schcol is used a 

cos~ of, each alternative. A 
mic the mix Of gasoline, CNG, anc electric venicilse 

that satisfy mission requirements for Lae leasc total flse- 
G@veile cos= and =o perform 

Ses- determinants. A generalized fortulaz.icn is also 

presented to allew a vehicl2 flier manayer: to us2 the metho- 

dclogy cf this thesis as an aid te 


3 
eee) feb nasively-fusled vehicies in dif: 





TABLE OF CONTENTS 


i. Tiel e ORO MMEMEGMC Gc. + « «© © « © © 6 © «© 8 « VW 
Bo PROGEILEM STATSMENT « «© © © «© © © © © © © «© © « 11 
BoCtreeGw WMI 4 sw lll lll lll ll CT 

ouMeerteeANIVES 2 5 5 6 5 6 ltlUltlUltlCl tl tll tll lll Cd”d 

De Ae e NATE Vee SLECTION CRETERION . « « «© « « « 13 

Leeann oC ER PERCE BVENESS  «.« « s = s 6 «© » «© « 14 

PCC ONS sire Me 6 «© « « «© «@ © © «© # « «© « 15 

Cem earners 2 4 le. 6 6 « « © «© © «© & » « 16 

te fe WMC ce ch ls 0 <tc) 6 © -s es «6 «© « @ I? 


i. Bri eOee oi Dyes. «le Gels 6s 6 6 « «6 «© =» « «© e« « « 18 
eee Ce vo boro wee PE SCTEVENESS « « « « « « « 18 

Poemer cence s. yh LeeNA DUR Al GAS <  «. -« « « « =» © « « « « ZY 
peeGuiciiscGhecaa St CSiofc 5 4-6 « 6 = «6 0 « «© « « 20 

Cre Oricnins sca 06 16 6 6 6 @ © « «© «6 «: 22 

Se Oe Ge Smee ao ss ss ss 6 «es el lw wt Uw LE 

eee Oe MOavieMctG © SUNiatiatsse 5 6 <s « 2 « oe « »¥ 26 

eet Nene cs Veo Perhrs see se 6)! 6 ee wt 27 

oF Pees O Ge. UErece sms 4 iis Seueeel evel 47 6) «se (6 eos e 2H 
PG cWeNeeSG eS Se 1CS 5.965 « & se «© 6 ee ew ew 2 

er couse G'S he.(0s° 25 comes see Gs es ew ew ew CY 
sor evaomnGuedeS Tsuslseses -  ¢ «@ “0 oi « 6 % « 29 

Seu Parmiceme yes) «© © ees = «6 « = @ « © « « « 33 
Ce Ome 5  slesue sec: le oe ss lel wlll Uhl UC 
PeeeGiia@eaiGism = St lCS Wats 6 «6s « es © « « « 33 
COMeCrieite > VmNeMMEs: “soe 6 6 «© « « © « « « « 39 


de 

Sue Advantages Ld eo e e e e e e e e bad e @ @ e@ e 4 4 
a Disadvantages e e e e e e e @ e e ® @ @ e aS 
SIc 


Summary ® e e e e Ld e e @ @e a e e e @ e e 5 


ed SCT aerert) Calero Neuss niss ch 6 2 «© © « « 5 «© « «© « 47 





IV. 


Rec OS feo NS James « + « 


Le 
Ze 
Sie 


Investment costS .. .- 
Opetatenra scOsSsts =. = « 


Maintenance Costs .. 


Bee elite CYER EP COSr “ss + 2) 
Go CiSCOCUN@eiwre . “Wms « e 
Die GASOLINE e @ @ @ a e @ @e e 


le 
Ze 
ae 
4. 


Investment CostS .. . 
Oseratang Costs ~. . . 
Maintenance Costs .. 
Gost SiC ~@ Gae « « « 


Ho COMPRESSED NATURAL GAS .. 


1. 
Ze 
She 
4. 


PAVSGS TNCNs  CCSeS ys. « « 
OQseaatang COSt= ~. s -< 
Maintenance Costs .. 


CGer meGde |. ss 6. ies Seea % 


Pew ceseGiRiC \VSHLCLES —| ss -« 


Nee 
Ze 
Be 
fle 


een A 


A. THE NATURE OF THE LINEAR PROGRAMMING 


ie 
ae 
3. 
4. 


Investmen= CestS .. .e 
Opera e!t¢g [COSsts jWs . « 
Matntenance Costs .. 


Cost wNCde ls Ss «a..s s 


PROGRAMMING .« .« «4 « « 


General Characteristics and Terminology 


e e e e @ e 
] e 2 e e ] 
@ e @ @ e e 
e e @ @ e e 
@ e e e @ @ 
e e @e e e e 
@ @ e e e e 
e & @ @ e e 
@ @ e e @e e 
a e @ e @ e 
e @ @ @ e 
& e e e e e 
e e e e e @ 
e e @ bad @ es 
@ e @ bad e e 
@ e @ 2 @ e 
e e td e @ e 
rs bs) 2 @ @ ) 
e e e @e e @ 


Assumptions with Linear Programming . 


A Product MLx Sxample 


Gapseol, sudgeting =. . 


Eocene Slee Nix PROBLEM . .« 
Cem ocuol TeV iTY ANALYSIs <« « .« 


Dewey OLS CF THE DETERMINANTS 
COS] e Ld @ eo @ @ @ @ @ @ 


ey ea 
1. 
De 


GiacOn hes 2. her eos. we. «8 


Compresse1 Natural Gas 


OR SoOT AL At ek 


PROBLEM 


47 
47 
49 
49 
50 
a1 
53 
53 
34 
54 
95 
56 
sO 
5) fi 
Bye 
60 
61 
61 
OZ 
62 
63 


65 
65 


Cc 
x 


67 
67 
69 
70 
v8 


8Q 
80 
81 





Dee CUO CTP Gave melCG I. 5 .« « « « e 
ies FAYBACK PERIOD ANALYSIS a ee ee 
re SUMMARY @ @ @ @ @ @ @ @ < € 2 °@ 4 i~) 


V. SUMMARY AND CCNCEUSTONS . 2. «© « «© w= « » 


APPENDIX A: COMPUTATION OF ANNUAL AND B3UDGETED 
BOWS eso ess « 6 «= © © © @& «© « 

A. COMPUTATICN OF ANNUAL CASH FLOWS .. 

Bec ONCULAT ICN OF BUDGETED CASH FLOWS . 


Memeo SH BPERENCES . « «© «© «© = © © © © «© «© © «@ 


PeeeeniemGothEBUTEON LIST . « « « « «© «© «© « « «@ 





DST OF WRBLES 


1 Rite@rnvOUeSommramelomesr ts « « «© ©« © « « «© « « 
i. Properties of Netural Gas and Gasoline... 
ir. Preperties of Bthanol, Methanol, and Gasciine 
BV. Potentia tipaectlomMe withthe Use of Alcohol . 
V. Pmeere eG Jenvelempercormance Data . . « « « 
WEL Puc Cn EN CeVemeg Hc Ola SactTeablSt.CS . « « « « -» 


eng PeesceUNcmtaeeeus ec 08 DSECent . « . 6 s » » 

VIII. Vehicle Mix T 

PX « Eee Saga ecmea  . ete ws, «© «© «6 « © © 6 «> «6 ‘% 
a E 


a Annual ¢ 





Z. | 
Bt 
ut 
4.2 


PioL etre “GURES 


Flectric Vehicle Energy Consumption 
GosteOuanatryekelactonshipS «.<. .« 
Pheer rodicn Wo mere Ontom” . . « « - 


Gascline and Natural Gas Prices vs. 


OSM Savings 


Be 
48 
68 
84 





The cost of maintaining and operating a fleet of vehi- 
k 


cles is a significant item in any Public Wor 


budge. Invariably there is an interest in al*srnavives to 
the gascline-powered int aan 


etnal combustion éngins (ICE 
means of reducing thesé costs. Two facters dampe: 
Bee res. and usually terminaz2 any furcher inquiry. The 
Mepst 15 aiiack of consclidated information on the fsaei- 
Belaity cf using alternative fuels and the secend is the lack 
Of capixal required for the initial investment. N 
interest in alternative fuels stems from a d¢sizts te reduces 
cur dependence on petroleum-based fuels and reducs the level 
of emissions from automobiles. heise hes co D> Scents as 
assessmen=z cf the feasibility of employing sever 

mery= fu2is :n non-tacczical, on-thea-road passenger venicles 
used by Naval activities and presents decision acdels for 
meee Mi hang the total life cycle costs (LCC) and 

mix cf vehicles using alternative fusis. The véehic 


the Naval Postgraduate School (NPS) ar2 used as a represen- 


‘. 
* 
at 
ft 4- 
J 
@ 
€ 


tative sample for comparing LCC of 2ach alte 

ii scccigeai imix cE vehicles is determi 
program. Linear programming is use 
cptimal ailecation of limited resour 
demands. The advantage of linear oo 


Semecitivizy analysis. The range c= values of the cost cosf- 


A 


ficients and constraint variables over which an optimal 
solution remains optimai can be determined. The uncer 
of various cost slements can be better evaluated with linaar 


Frogramming. 


10 





A. PROBLEM STATEMENT 


The increasin life-cycie cost of operating gqascline- 
powered ICE vehicles has stimulated an iMeeees. ol 
alternative fuels. Local activities lack a consolidated 
Peurtce cf informaticn with which to evaluate alternative 
fuels against their mission needs, datermine life cycle 
costs, and determine the optimal mix of vehicles smplcying 


mere>rpative fusls. 


B. OEJECTIVE 


inewres=sa-ch ob jeccive =3 #o fertmulate a procedure for 
performing an economic analysis o the use of alternative 
r 


f 
ivyiacg this objective ar 


(W) 


fuels in mctor vehicles. Und: 
three sub-objectives. 
1, Present an overview me oCe sce 2S-CE-oene-are 
cf alternative fuels 4 p an effectiveness 
model with which t9 e@valuate = 
edch alternative. 
Meee Develop a model for istetmining total life cycle 
sicses 
3. Develop @ mathemaczical stogram for determining the 
optimal fleet configuration of vehicles using gaso- 
Line or aiternative fuels. Qpeimalicy 25 defamed as 
the least See los wp LOC ULINg, “operating, and 
Maintaining a tleet of vehicles. 


C. ALTERNATIVES 


Peeeeahae Ves CONnSidezted are natural gas, alcohols, and 
electric vehicles. These alternatives are currently in use 


and cost and performance data is r3adily available. Natural 
S@4s 1S primarily methane (CH4) but can contain up <*9 20 


percent higher hydrocarbons, such as thane, prorpans, and 
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tane. Dual fuel systems are designed to operate cn either 
mpressed natural gas (CNG) or gasoline Dual fu¢ci systems 
fer savings in operating and maintenance costs withsu 
¢ jlimitations cf natural gas systems. Subsequent 
is cf natural gas will pertain =o dual fuel systems, 
ly refered to as compressed natural gas or CNG. 
cl] and ethanol are the most common forms of alcohol 
eq in the automotive industry, however, interest in 
aicsohcl stems primarily from raducing petroleum consumption 
rater than cost savings. puccmmre Ven telos Sangs ih size 
fron golf carts to buses and may be designed specifically 
for elzctric propulsion or thay may be conversicns of 
Suecen=ly preduced ICE vehicles. This analysis focuses on 
electric vehicles designed for commercial use. Electric 
fymrad @ehicles which combine electric propulsion with ICE 
engines are not included in «his analysis. 

Vehi.cles using alternative fusls or propulsion systems 
may hav: inferior performance characteristics or other limi- 

ations when compared +9 gasolin2-pvowered vehiclés. 
Seemecle: with high usage rates, requizsd to <ravel on high- 
W2yYS, ON reguired to travel long distanc2s between refueling 
Megdid 10t be viable candidates for teplacemeart with low 
tcerformance alternatives. Conversely, many ICE vehicles are 
Gvar-pewered for th¢ task assigned and could be replaced 
Wota lower performance alternatives [Ref. 1]. When consid- 
erin these alternatives it iS important +o erine the 
mission tc which each vehicle is assigned and the environ- 
men: in which it operates. 

Gasoline-powered vehicles are the baselinz= against wnich 
cther aiternatives are compared. Byee@dere nt chon, —th2ycare 
high pertcrmance vehicles with range and power characteris- 
tics that enable them to fulfill all missicn requirements of 

cal lan ae A mission is defined as the task a vehicle is 
- 


Cue G TE OLN « Although the only standards for 
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vehicle fFrocurament pertain to engine $124 and gross véticie 
weight, users have general a expectation of the performance 
characteristics of gasoline-powered vehicles. Lowep se 2cr— 
mance vehicles are characterized by shorter ranges, slcwer 
cruising speeds, and lighter load capacities and weuld nox 
satisfy all mission requirements. 


To identify high and low performance alternatives, 
Sc 


measures of effectiveness are establisned that reflect the 
areas where performance may be degraded. A high performance 
vzhici2 is, at a minimum, capable of performance in ach 
measure at a level equal to or Nac Of a 


gasoline-powered vehicle. An alternativ 
Hew cexficrmance wehicles if it is technically via 
determined by successful use by domestic or foreign fleets. 


Minimum values are assigned to high performance measures for 


the purpcse of identifying vehicles «hat are not suitable 
for lcw perfermance alternatives. These values are derived 
from th? maximum performance capabilities of lew performance 


eueetna tives. , 


D. ALTERNATIVE SELECTION CRITERION 


Mn Geder £0 evalwace alzeatnat: 


Vv 
have a criterion for selecting the bess alterna«ive. Ae} 
high and icw performance alternatives ‘the least Geoc ai vere 
Native may not b2 able to satisfy ali mission requirements; 
Smesefcre, it is feasible that more than ons fuel <type, 
gasoline included, may be s¢lacted. Wie Come Ch: (sue 0 
employ the altexrnative or alternatives which prov 


2 
Meas: total iife cycle cost of precu 
meee: wWicnCut ccmprcmising an activity's ability tc accon- 


Mmeesh iS mission. 


tS 





He NEASURES*OP EFFECTIVENESS 


The measures of effectiveness for each category of vehi- 


cles 


are described below. Rie Meet um Valves for high 


performance vehicles are derived in Chap*er [I. 


Ve 


Range - The distance in miles a vehicle can travel 
between refueling or recharging. Using natural gas 
or electricity necessitates returning to the base for 
meomuicki ng Ob .teacha roiling timsadjy ESescriceang the 
mayimum distance a vehicle may travel away from its 
base +o one half its range. Giver “the ubiquity of 
gasoline stations, gasoline and dual fuel vehicles 
are net cconstrain2d by range. 

Usage rate - The number of ailss traveled by a 
vehicle in one year. Vaehicl2s area 

on work days only. For “ais analysis 240 work jiays 
per year was assumed. 


Minimum acceptable speed - The speed that an activity 


Considers to be a@ Minimum to safely perfcrm its 
missicn. Vehicles with reguizeazents to travel or 
freeways would have highsr minimum accepztabie speeds 
*han a vehicle only required =o uravel on base. Some 
2lectric vehicles are capabis of achieving stesds 
greatsr than 55 mph bux at tae expense 


Peco r Cummenicl¢ Manufacturers us® cruising sp 


rather than maximum spsei wher citing ztange. 


Load Capacity - The carryin: capacity of the vehicl: 
including passeng2rs. The carrying capacizy equals 


the gross vehicle weight less tne curb weignt of she 
vehicle. 

Fuel Availability - The measur2 of whether a ready 
Ssoubee G2 L£uel €x2stS +t9 operate he £1 

supply should be sufficient tc cperzate th 


fleet each work day. 
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Fo &SSUGETIONS ¥ 


Taeeeen=entng asstmmtions are integral to the analysis. 


practices 
and <¢he 


applica 


1. 


Although sone present Significant departures from actual 
they are necessary to formulate the cost medels 
linear program. Lesser assumptions ar2 nected wheres 
Dele . 
The number of vehicles required to perform a mission 
7 


fains fixed regardless of the fuel type. Emplcying 
qiywemternameve would not increasecr 

size cf the fleet. 

The annual mileage traveled by seach vehicle is néces- 
Earm don "tne -aecomplashment of Sts missicn and can 


aoe aac Ou re aAatTeODehRear Sthe same Level in £ttwmre 


The vehicle pcpulation in each category (high and le 
cerformeance) is homcgenous with resp2ct to purchase 
prices, operating and maintenance costs, usadqe rate 
and wiles per gallon. 
All vehicles are operational on each werk day. 
asOiine-powered vehicles are réepiaced by vehiciss 
witn the same load capacity. The load capacity is 
meee zed and the vehicl> can not be rapnilaced 
Mem a icwer rated vehicle. With today's zéend 
mo@aead Smaller =enucks, it iS conceivablis thaz lower 
ated vehicles will replace a larger share of the 


Eee] 22 the Euturs chan they could today. 


Mivyelon-.kteger SOlUcLOn «toe the Llineat program is a 
Geese aepaoxiMa-Lon “to che integer sclution. The 


mber of vehicles in the final solucion is reunded 
te the nearest whol2a vehicle. 
All vehicles are procured in year one and disposed of 
at the end of the life cycle. Phased replacement of 
vehicles would result is higher total costs as the 


fleet pregresses toward optimaliry. 
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G. RESEARCH METHODS 


A literature review 


Sacrent stete of the art cf each 


acteristics and perfctmance data 
femitations that wculd prohibi 
Limitaticns noted were range, 


capacity, and fuel availability. 
that 


imposed by each alternative and 


fers established 
performance alternatives. 


against the effectiveness model 


high cr low performance alteéernati 


The analysis was 


Postgraduate School 


was limited <c ali on-the-road passenge= 


Meee a GuCSss vehicl® tating of ons ton of 


sion 

alternative fuel 

codes. 
The revicw 


litera*ure was 


interviews with fleet managers 


fuyves £0 Obtain current cost data. 


mec dcllars. 


costs per 


Cost models to 
unit and total flee: 

exed for each alternative. 
Maintenance, 
mre-age ccs* for 
A lingar program was 


fax ct vehicles 


Eemrtar £0 cne appliscd to capital budgeting. 


vVariakl¢ represented 
ered aS an investment project. 


capital ccnsumed by 


16 


Was Genauctead to de 


reflected 


Each alternative 
as a sample population. 


apa face lice ed 


supplemented 
determine total 


and salvage values were 
vehicles in th2 fle 
Soule: cd. =O 


using alternative 
an alternatives 


each altarnative 


ae = 
alternative. Vehi 
O 


were analyzed ¢t 


EOD MESS i Cra wnel= USE. 
usage raté, speed, load 

Measures of effactiveness 
reductions in pertarmance 


dic-emiguecshed 22=gh facm low 


was <¢valuated 
and either retaine 


v2 or rejected 


conducted using vehicles at the Naval 


The pcepulation 
and tzxucx«s 
eas 


vehicles 


pees. dAivi- 


encompassed vehicles that were potential candidatas for 


emalysis by cos: eccount 


Seventy-two vehicles fell within these varaméters. 


by 


and manufacturing rsapreséenta- 


Ali ccs=zs 


Bln = 


life cyclé costs were dével- 
Procuremen, opsra ing, 
based on the weiahted 

oc. 
datéermine the optimal 
fusls. The approach was 
Bech decision 


t 


wien weoul gd. “pe veons cd 


Gorse ra. n-s.. 2ndicats 


Gen 
zn each year cf the 





fare “€ycle. Budget constraints are detern 
fecivity. Additional cOnsStraints insured that the final 


solution was feasible. 


H. SUMMARY 


This thesis evaluates the potential of using ccempressed 
matural gas, alcohol, and electric vehicles as teplacéments 
for gascline-powered vehicles. Measures of ett ; 


= 
ccia a siodetna sans ck lect =2he  Lnherent a, ffscrences iin 
a 


performance for @ach altarnativs. These measures are range, 
usage rate, speed, load capacity, and fusl availability. 
Minimum values are assigned to these meastirs=s based on 
Petformance limitaticns discussed in Chapter II, and are 
used pow aise 2ngGuls between high and lew overformance 
alternatives. 

Chapter IT evaluates the advantages and disadvantages of 
€ach alsernative and categorizes them as hign nerfcrmancse, 
dow perrorcmance, or infeasibl?2= replacements for gasciine- 
powsred vehicles. Geaoces mers 2aengeie2|es Bie CGoces 


S| 
associated with each alternative and dispi 
nanz=s in total cost modéis. Chapeer LV 
programming model for determining zh2 optimal mix cf vehi- 
eves and for performing sensitivity analysis. The da 

1s 


cbtained for NPS is used for comparing alte 
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II. ALTERNATIVES 

This charter ¢xamines the advantages and disadvantages 
@encc@p essed natural gas, alcchol, and electric vehicles. 
Generally, advantaces are savings in operations and maints- 
nance. Disadvantages are a reduction in one or mere 
measures cf vehicles performance. Each alternative is evaiu- 
ated against the effectiveness nodel and is considered 
feasitle if it meets thea minimum lavel of zffectiveness 


defined for each category. 


A. MINIMUM LEVELS OF EFFECTIVENESS 


The gasoline powered ICE vehicle provides @ baseline for 


Sempartinag the ocerating performance of other altzrmnative 
a 


fuels. Mme Seek ase o-andasds for Automobiles and Light 
memckS ccn<ain ~he O@Lnimum gross vehicle weight, engine 
siz¢, an Seale uence ooGeseiCs “DE Veniclss  g¢nerally 
Begeured cy the Frederal governmenc. Pies OWE DOSS, 1S oC 
meee ve 2 OLec> ical degqrezs of standardization in che Federal 
automcbkile fleet. These standards do not ae she us¢ 
Sma ltercnative fuels that Goma NOT ne “he Minimum 


requirement. 
The average rang? of an electric vehicie at 30 mil2s per 
hour is 45 miles which clearly eliminates electric vehicles 
5 (Wen rei Vv) > Mae aange oF 


as a high performnan 
avehicle with dual fuel capabilities i 


S edulal,~~o its fangs 
cn gascline pius its rang? on compressed natural gas. A 
vehicle with two CNG fuel cylinders 

miles per gallon has a range cf approximately 70 miles. The 
fange with alcohol is approximately equal to the range with 
gasolins. A vehicle that travels 45 miles a day or less is 


categcrized as a low performance vehicle. 
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Usage rates vary by mission assignment, however, he 
standard for passenger vehicles and light trucks ranges from 
6,000-10,000 annual mile?s. Annual mileage on a particular 
vehicle may not meet the mininum standard, however, the 
average mileage on all vehicles of that type should mest or 
exceed the annual utilization standard [Ref. 2]. With the 
exception of motor peel vehicles whicn use trip tickets, a 
record of daily miles is not maintained. Annual mileage or 
usage rate is the only indicator of daily usage. Usage rats 
fm2tations stem frem daily range limitations. A daily 
range limizcation of 45 niles with alectric vehicles necessi- 
tates a annual usage crate limitation of 10,800 milss 
assuming one driving cycle pez work day. A vehicle with an 
annual usage raze of 10,8090 or lass is categorized as low 
performance. 

It is important tec distinguish betwee 
Minimum acceptable speed. Maximum sp 
engine size and vehicle friction cos S 
Vehicies ar= not designed to operat? continually at this 
speed. Minimum accertable speed is defined as 
Operator d2¢ems appropriate to safely accomoli 
ema Gab be maintazned for the duration of the W 
refueling or recharging. This may also be termed cruising 
speed. Electric vehicles are capable of specds of 60 niles 


. 


Per heur buc they cannot maintain this speed for any appre- 


4 
Beanie length of tine. OD arOleaeary, bu: reasonable, 
comprcmise tetween speed and range is 30 om 
mers would alicw an electric venicle +o op 
emeevi~-€S OF in most localities withcut iapsding <reffic 
and still have a useful range. A high performarc 
unquestionably, should be capable of highway speeds; there- 
for, 55 miles per hour suitabiy differantiates becween high 


and icw perfermance véhicies. 
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A minimum load capacity of 1000 pounds is prescribed in 
the Federal Standards for Automobilas and Light ‘Trucks. 
Commercial electric vehicles can be dssign 


rel 
but at the expense of range and speed capabilitis 
' 


So Sy rica i. 
load capacities rarge from 370 pounds to 1779 peunds 
(Ref. 3]. This limited load capacity alcne doss not 


preclude replacing scme high performance vehicles with #ieéc- 
tric vehicles. 

Any viaktle alternative should nave a pien=itu 
able source of fuel or power. Gasoline is a 
Surricien® quantities across the nation. Natural «gas and 
electricity are alsc available although che 
net as evenly distributed as that of gasoline and prices 
across the United States aré more variab 
ethancl are not yet available in sufficient quantities ct 
suppor = their widespread use as motor fuel 

The performance characteristics, advanz 
vantages cf each alternative are describ 
evaluaticn against the erfectiveness nodes 
mable I. 


+ 
t- 
Ww) 
fu 
je 
{fj 
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Be. CCMPRESSED NATURAL GAS 


Natural gas is composed primarily of methane buz can 


Bemcach up =o 20 percent higher hydrocarbors s 


Gc 
Q 
iy 
ju 
Uv) 
5) 
cf 
op TE 
;v 
i) 
wD 
= 


epropans¢e, and butane. The composition of natural gas varie 
meem SCurcs £0 source and its physical properties -varv 
a 


Becordingly. Naturel gas has lecwer heating valu¢s wan 


CO WO 
h 
‘J 
1Q 


rFetween 18,800 to 21,300 Btu per pound compared +o 13,20 

ieeOO0 Btu cer pound for gasoline. Heating values measure 

the energy content fer unit of volume. A sméil amount of 

refining is necessary before the gas is distributed. An 
2ct: 


Mmeerent ~£ added for leak dex on senec> Motnane is cdcr- 


4 
}~ 


ess in its pure forg. 
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TRELE ft 
Effectiveness Model 





Low Performance|{High Performance 
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v Vv 
J _ 
= = 
a) or ~ od 
v fe) v Q 
oe ie} = 9} 
Q S) 4 a) Ss) 4 { 
& ‘~ se) 4 am 0) 4 
O S Q, ve oO Q, ie} 
“4 m% © > % ie: = 
fa} o i O ct 
a) a) Qo tk ) vo 
u oe oh (3 Wig = m m 0 _ 
4 e re Q fe) ) fe re) oD) ie) a) 
So 0 in my O 2 © n Q, 0 3 
S) a > op) = fy rm = wn J fx, 
Alternative 
Gasoline Y v6OY Y 
Dual Fuel Y Y Y Y 
Systems (CNG) 
Electric Y iw we iy 
Vehicles 
mec ono | Y Y 4 Y 
Source: ic) ao 
Y: Sacer res the Criterion established for 
Category of vehicle. 
N: DeeccmnOteSsatisciy established criterion. 





At atmospheric pressure and ambient temperature 
Matural gas exists in a gas¢eus state. Natural gas can be 
meesed cr tzransporzed in a liquid state az atmospheric prés- 
sure omy at tamperaturess lower mien e259 dearees 


Fahrenheit. 


744 
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The energy content of natural gas is measured in 
MPeitiszh thermal units (Btu) mocie 25 ene amount cf hear 
requi:ced to raise one peund cf water one degree Fahrenheit. 
Volum: is measured in cubic feet. To compare characteris- 
tics cf natural gas to gasoline, Btu's are converted to 
gallo: ¢quivalents, hereafter refered to simply as gallons. 
1600 e2@tu equals one therm and one therm is approximately 
equal to one gallon cf gasoline. A= atmospheric pressure, 
W20 Bru of natural gas occcupies 1000 cubic feet. The 
eadustry tule of thumb is 100 cubic feet cf gas is ¢quiva- 
Beane tec cne gallecn of gasoline. Properties of natural gas 


aed gQascline are compared in Table fI. 


Fer vehicle use, natural gas is compressed and 
BaclLied it cne or more cylinders. Mcst ICE vehicles can be 
rorane. 


modified tc =n) Solely on Natural gas O 
Aiternatively a duatl-fuel or tri-fuel systan —o 
Bhat IWperates on natural gas or propane until = 
capacity is exhausted at which ‘time th3 operator may switch 
£O gasoline. Subs@gquen~ anaiysis of compressed natura Ss 


ENG) will pertain tc dual fuel systems. 
é- Cemponen= 


Semvce=ss OUKTeS EOL  GCGONVEZcang =O CNG consist of a 
gas/fair mixer which replaces the air filter, pressu 
Mecor, fuel guage ard selector switch, piping, 
GOlS gas cylinders. No internal engine modific 
tivolved with dual fuel conversions. Spent Lind iS 
usually readjusted slighzly to obtain mininua exhaust ¢ 
meems ducing both natural gas and gasoline operation. 


Cylinders are available in various sizes frem 200 to 


By 2 tandazd cubic feet and gas is stored in them at a 
normal pressure of 2400 psi. The cylinders are permanently 
Memnacted in che trunk of a car cr the back of a van or they 
may ke bracketed Ele the underbody of vehicles with 


NO 
bo 



















TABLE II 
Froperties of Natural Gas and Gasoline 


Scurcé: Reference 13. 


a 
The come 2 e's Obta ln 


Rass! on Ga sone Une. OF 





CNG Gasolins | 
Compositicn Fein ee methane | Maxtues Or CY 
(CH4) UepeanwmcOn ain Cone hydro- 
ud ue 30% CHa ny dr O— carbons 
carbons 
Physical | gas 1a Gb iain 
Seace during | 
Stcrage 
Lowér heating 
vaiue 
Be / 1b 21,000 Neto 20 
Net? 3) 
Ectu/gal 19,760 1 Shue 
Octane Ratings: . 
Research 120 91-100 
HOtoOr 120 eZ 2 2 
| 


emer icient ground clé¢arance. Cylinders are about 10 inches 
in diameter and range from 44 =o 62 inches ir il 

Meee CYlind¢r adds 125 ibs *90 the weight of the vehicic 
meer. 5]. 

Fuelvair mixers are designed *9 fit specific-sized 
Beepure=ors. The mixer is diaphragm controlled and cperat<es 
Memene Venturia principle, m¢tering ths orep2sr quantity of 
Matural gas into the air stream over =he full range of 


engine air flow demands. 
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The CNG refu¢ling station consists of a multi stags 
compresscr that receives the natural gas via a 1-2 inch lin 
from the local gas main and compress3ss it at 3500 psi into 
a storage cascade of 20 cylinders which then beccmes the 


Molding tank ftom which the fleet is refueled. Each 
a 


MQ? 


cylinder has a 450 cubic feat baGcteyetDi a. total of 9000 
cubic fser. A pressurized refusiing nozzle connects «ca 


fill valve located under the hood. Refueling is e¢ithear 


9 


meek £21) whack, fcr a vehicle wich two cylinders, ¢ 
Seout the same amount of times it takes to refuel at ag 


a 
a 

meme rump, cr time fill which permits 25 of more vehicles =o 
Y 


tr 
iD 


refueled cvernight. The compressor us Ss 

mampeeraghe CE Supplying 45 galions oc CNG per hour or 270 

gallons in asix hour day. i Pees cla> requlating Switch 

Starts the compresscr when the pressure drops +0 approKxi- 
b 


mately 3450 pounds per square inc 





The primary advantage with CNG liss wit sg i ih ESS 3 

tiful and inexpensive supply [Ref. 6], how 
é savings are uncertain. MieeaacLon has on 
Beeecs cf natural gas due <0 gowernmen= pric 


However, the Natual Gas Policy Act of 1972 calis fcr 


= WwW 


Meeredal Phase OU C£ frice controls on gas produced frcenm ne 
wells by 1984. Deregulaticn has encourag2=d producers tc 
drill new and expensive wells rather than s2ll cheaper g 
from existing fields and the 
consumer {Ref. 7]. Suppliers have 
Bemeracts Obligating them to pay highar 
cf low gas demand [Ref. 8]. 

Currently the price of gas per «hceusand cubic fset 


Clemence camuat.1cS ©£2fom a Low Of about 27 canzs fer cl 


fos 


€ w 
gas tc as much as $11 for deep gas which has already been 


meeved £er price con*rols {[Ref. 9]. Ths U.S. Dapartimnent of 
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Gomecnaeegasmps2zces i027 1983 will rise an 
e 


tTeent across the U.S. and in some are2s as 


iG 2 
gh as 46 rercent [Ref. 10]. 
ld oil supplies are ample and the price cf crudé 
é 


cil is owcre likely to fall than rise, at léast cover the 
Sos. t2rm. In an effort to raise cash, several members of 
CPEC have bsen cverpreducing and selling at discounts telow 
Mme tet perc barrel official price [Ref. 11]. A survey of 
Sesolin= orices at 19,000 service stations naticn wids 


Benductsd i December 1982 indicate the average price fer 
u 


© 
Gellon cf regular gasoline was $1.127, and regular unleaded 


n 
- 

Meco t.'(39 (Rec. 12]. 
reed 


ecaus? CNG is acléean burning fuel and enters the 
Syling@ets in a2 gasecus state, substantial savings may be 
tealized in maintenance. MOrom Om, filcers, spark clugs, 
exhaust system, and angine parts ail are reperted te last 
longer. ioe ed adidas Luel does not dilute motcr cil of 
mee sparkF flugs. Replacement intervals are deubled fer 
mee, 22 lkers, and spark plugs.t+ Chega ses  DUcoe Claas 2 5) 
percent to 6 DErecene==feauctilOn 2n W2incsnance ccsts. 


0 
ra reduced when the vehicle is operated on gasclins 


Sect owes secon verteca eo CNG. 


v 

NG fueled vehicles have demonstrat3d ud to 4a 19 
ercent improvement over gasoline in energy efficiency 
during trips ef less than 5 miles and low ambient tempera- 
Siaes in thea neighborhood oe 0 deqree¢s Fahrenheit 
meer. 13}. The primary reascen is that CNG vehicles operate 
Meee cits cicntlvy during the cold start and warmup porzicns 
S@emene driving cycle. 


Ainterview with Mr. Larry Frew, Pu 
Mevyal Education and Training Center, G&G 


c Works ees 
9 December 1982. ; 7 


Lakes, eno lS, 


“Interyiew with Mr. James McCord, Compressed Natural Gas 
Petey Vonicic Equipment Company, Ft. Collins, Colorado, 13 
Meeemter 1982. 
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Several characteristics of natural gas make it an 
inherently safer fuel than gasoline. It is lighter than aiz 
and will dissipate into the atmosphere if a ilscak should 
cccur as opposed to liquid fuels which puddl2 cn the ground 
presenting a potential fire hazard. Hts 2gnizticn tempera- 
ture is 300-400 degrees Fahrenheit higher than gasoline and 
combustion will occur only ina very limited ratic of air to 
fuel. CNG is nen-tcxic, non-reactive, and does not forn 
smog [{Ref. 14}. 


#. LCisadvantages 


The restricted cperating range is the primary objec- 
Peon to CNG. Actual range is dépendent on the size cf the 


CNG cylinders and the miles per gallon achieved by <the 


vehicle. Mmvcuw2e lo seGuape ad Wich <cwo 300 cubic foot cylin-= 
ders and achieving thirteen miles ex gallon would haveeée 


Tange of 78 miles between refueling. 


ou) 
t) 
i) 
O 
Q 
E ‘ 
ju 
cf 
(ov 
ee 


The additonal weiqht of two cylinders and 


® 

t4 
fe) 
jp 
— \ 
wo 
~~] 
Ve) 


equipmenz reduces the performance of the vehicle. 
meee Gonducted by the General Services Administration accel- 


Seeeeecn trom 0-60 MPH was reduced by 25 pércent tc 40 


= C 
oe. 15). 

Veneeckes With dual fuel capabilities cétinot be tuned 
Bemachiscve Maximum ¢fficlency without sacrificing gascline 
perrcormance. The compression ratio needed to obtain the 
lowest fuel comsumption using natural gas is higher chan 
that which could be tolerated by gasolins. Soak tigeng 
should be advanced to conpéensate fer the slow flame spead 
bie, causes Knocking when the vehicl= is run cn gasoline. 

Further disadvantages of CNG include conflict with 
car warranties, possible valv2 seat wear in engines withcut 


hardened seats and highway tunnel and bridge prohibiticns. 
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Db. oUNMmary 


While vehicle performance and efficiency may be 
Beauced, it should not prohibit a vehicle ftom performing 
its mission. With dual fuel capapilites tange is not a 
Mmiting factor. Savings in operations and maintenance may 
outweigh the inconvenience of CNG although the uncertainty 
cf future natural gas and gasoline prices snould he consid- 
ered when comparing alternatives. CNG vehicl 
Minimum level of effectiveness and CNG is considered a feas- 

a: S 


met] alternative for both categories of vehi 


C. ALCOKCLS 


i Characteristics 


Research and development of alcohci as an autometive 
fuel have been limited to methanol and ethan 
their us¢ hes been oil shortages and farm surpluses. 


Alcchol may te used as a blending stock with gaso- 
d 


meni] Cl in ictS pure or neat forn. Blends anm2 commonly in 
Semeentraticns ofr 10 ovetcent du2 to Sxamotion frem Fredsral 
exezse tax Cn gasoline containing moce thar 10 percen* 
alcohol, with the maximum banefiz az 10 percent. The 
Enviccnmental Pretrection Agency 2=xempts alcoho. blerds cf 10 


x 
percent frem the einimum standacds of the Clean Air Acc 
m 


PRef. 416]. Alcohol is also exempt from all oz part of state 
g2soline taxes in t2n states: Actkan , Comerado, Iowa, 
Kansas, Marvland, Missourl, Nebraska, Nore«h Dakote, South 
Dakota, and Wyoming. 

At concentrations greater than 10 oercent, engine 
Hemet icat2ons <tc the carburetion system and compression 
Meeeec= are required to cbtain proper fuel/air mixture and 
Mmeeecrm cylinder to cylinder distribution. Modititcaz2zons, 


once mad=, would prohibit operating on gasoline. 
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Hesieuoie ard ethanol have similar properties and ars 
contrasted with gasoline in Tabi2 III. The differences in 


Bezting peint, fiash pent, heating value, heat of vaporiza- 
mon, cenbusticm air/fuel ratio, and water solubiliczy are 


responsible for most cf the problems encountered when mixing 


TABLE IIT 
Properties of Ethanol, Methanol, and Gasoline 








Ethanol Methanol Gasoline 
Chemical formula Cee @ Here OH ioe o'Gue Whiela: along 
a 3 C6 
4 12 
Semocs:ticn, wt percent 
Carbon Dee SiS 85-88 
Hydregen oa | aie Ue |) 
_. Oxygen 34.7 4.9.9 Q 
Beoaling tenp C W206 > 65 272225 
meesn EOLnS € 3 14 -43 
Lower heating value 
Bes ib LE mersicys: 8,932 18,9120 
B+u/gal 7,580 57660 11,560 
wetene heat of 
MeeCSsize zion Btu/lb B26 S07 a 
a 
S oe ae 92.00: O44. 14.2-14.8 
1ty ifs te ei  LoEseec c Insoluble 
rerences 16,19. 
her Comp le-e combustion. 
Seeceplacing gasoline with alcohol. Vest erie le. Crepe ceaes 


cf ethancl ate intermediate to those of methanol and gaso- 
fen These diffsrences, as well as vehicle tests and 
evaluaticns indicate that potential problems with the use of 
ethancl wceuld be less severe than chose encountered with 
Geenanoi [Ref. 17}. 
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2. Advantages 


Savings from using alcohol as a blending stock may 
ke realized but would be minimal unless petrolsum shor~ages 
induce large gasoline price increases. Miecohe | celivery, 
Storage, and dispensing systems would not be sudstantially 
different than gasoline systems beyond zhe possible need for 
a vapor reccvery system and corrosion resistant stcrage 
tanks and lines (Ref. 18 }. 


3. Lisadvantages 


Problems associated with alcohol are grouped by 
distribution and handling, vehicle performance, and compat- 
ability with materials. Problems are further identified by 


sheir probability cf occuranc? in absé¢nce of corzective 


measures and the relative seriousness if the prcblem 
eccured. A summary of potential problems with methanol and 


ezhancl are contained in Table IV. Problems associated with 
meehanol are similar or more> séeversa «han with ethanol 
feRcit. 19]. 


deeouste Du T2On and handling 


Phase Separation: Phas? separation in the pres- 
eM@ec|e CE Water or at lcw temperatures is the most disturbing 
problem with alcohcl blends. In phase separation the 
ethancl beccmes separated from the gasoline with which it 
was blended. Water is commonly present in gasoline storage 
tanks and mcre can ke absorbed from the air. The rate of 
Water abscrbtion cf ethanol blends is narkedly influenced by 
Maenailcchc] content and by surtace to volume ratic. The 
additicn of as motte wa © Us7 De Cceme Wawater to blends 


containing 10 pércent ¢thanol has been reported tc cause 
phase separation. In additon to unpredictabl2 stalling, 
phase separation would also upset <=he operaticn of ithe 


Zo 





TABLE IV 
Potential Preblems with the Use of Alcohol 


a 
Problems PEOPLE EE Conssquence 
©) 
Cecizeic= 
Distritution and 
Handling 
Fhase Separation Dera nas 1 
Hygrcesco ae Dern. > é 
Evernag= S.eadbliaty Possible 2 
is) 
Renaturing Definit> ue 
Vehicle Performance 
@etd S-arca bility, Neat Definice 1 
Warm-up Driveability Definicts 1 
Vapcr Leck PLODa dle é. 
Volumetric Fuel Economy Definit:3 2 
eenpatability wit 
Materials 
Me~al Corrosion alien Diese pant = i 
honete=d. Conpd sabamiet y Detun > 1 | 
Pieracant Compa tabi lit y Possible @ | 
Engine Wear SoS Slay out = Z | 
Faint Damage. sre)love! Jolie: 3 | 
Pulses Plugging probable 3 
mm =e OER ee SR ee Se Eee eS ewe eee «EP meme =P SP ae ee ee ee SR eR Pee ee ee ee ee ee ee ee ee ee eee eee ee Ses lee el ee | 
Scurce: References 16,19. 
a 
fee etajycr preblem, 2 = Mcderate problem, 3 = whiner | 
eee en. 
‘| 
Behance! cnhiy. 
| 
I 
ss 
Meeeritution system, the aqueous phase would he difficult <«o 
dispose cf, and corresion would be aggrevated. 
HyVGieOsCOR™CUcy: Hygroscopicity is a measure of 
meeecendency of fuel to absorb moisture from alr, which if 


SEvVere, can caus2 vhasé separation. 
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Seesagqe stacils cy: Studies indicate 4 w~endéency 
for alcoholygasoline tlends to form more gums during stcrage 
than the base gasolines from which they were mad¢s, although 
one study has reported that ethanol inhibits «he formation 
cf gums in some kinds of cracked gasoline. Gasciine is 
susceptible to attack by certain microorganisms in the pres- 
ence cf wat¢r bottoms. Ethanol is toxic to zhese organisms 
and wculd remedy this condition. 

Renaturing: The widespread use QO: “=thanci/ 
gasoline blends could Jsed +o illicit ethanol reccvery. 
Ethancl can be separated from a gasoline blend witn the 
addition cf water and the separated ethanol can be furtner 
Paes fied with charcoal treatmenz=. This problem can prokakly 
be solved with the addition of denaturants which give «hea 


Becovered alcohol an cbhjectiaonable taste. 


Col GIS Gaeta ou Wey: The vapor pressure of 
ethancl is so low at ambient temoeratures that 

vaporize sufficiently to orovide a flammable ni 
enable a cold engine “*o start below abourc 1 
Celsius. Cold starting preblems with neat =t 
Meederly b> alleviated by the addition of light hydrocar- 
bens . Penyanol/gGesOlinewmr.ends have adverse <sffects cn ccld 
starting belcw 0 degrees Calsius. 

Peeven. Linky: Addition of sthanol to gas 
increases *he oxygen content of the Fuel neces 
Samustmene CEL the carburetor to achieve a riche 
Mex ure. Problems with drivability increas with 
leaning and alcohol content. The problems include stali 
during warmups, surges, and vapor Nee). 9 Gas ney 


temperatures. 
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Vapor Locks Vapor lock results when tne fusl 
puma cannct meet the fuel demand of the engine because the 
fuel is vaporizing in the fuel line. LetsrOocel=s “Cn hot 
days with high volatility fuels and heavy engine demand. 
Methancel and ethanol increase the volatility increasing the 
Peobatciltiy of vaper lock. 

Fuel Economy: Bueidandee.hancl Wich gascline 
es the fuel energy content, Miles Can plo e. Cn 2 
ted, leans she air/fuel mixture. Recent t4ests using 10 
nt alcchol blerds aave shown an av2rag¢s icss in 


me CE 3 percent 
cc. Compatability with Materials 


Mezcal CoEposzon ; Bthano @ 
severe corresion tO G@desS tri buwseon wand automotive fuel 
systems. Metals — re cst i 
Meivenized iron, iron, bress, copper, and léad. CCE Teor or 
Ween alccholsS is aggravated by che presance of water and 
problem is compounded when phase separation occurs. 

Non-metal Compatibility: Benanol,  beca 
meeea gcod solven-, Weyueb= “886COMOa-aDi= with ¢ 
tonded-fibéergiass laminates which are used in under 


Segmage tanks, and with polyurethans, cork, and leather. 


a Compatazoility: Crankcasé e¢mulsicns 
have cccurred with straight methanol during bench éngine 
tests. Pou ono PreoblonS Wieh ethanol heve net been 
Mepor-sd, Research 1S continuing in lubricant compatabilit 
with gasoline blends. 

Engine Wéar: Very few incidents of engine wear 
hav? been reported with straight ¢thanol. Ezhancl blends 


have keen shewn to cause increas2d cylinder wear in a fleet 


cf vehicles used intermittently. Ficil pumps have been 
reported tc lose pressurs from internal wear when us2d with 


fo) 
methanol although ne problems have been revorted with 
a 
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Paint Damage: Ethanol can cause dag2ce wher 
spilled on paint finishes. 

Duce OOcenINg  anagerkater Plugging: The abiiicy 
cf alcohcl to dissolve gum and loosen dirt can lea 
plugged filters and screens when alcohol is 


moet roduced. 
4. Summary 


Research and development is likely +9 solves thes 


technical problems associated with alcohols. Because cf the 
limited availablity and high cost of ethanol, along witt 
Federal and stat? suksidies for blends containing 10 percent 
molume of alcohol, the orimary us2 of etrhancl in the U.S. 
will °°” be in blends to suppleman= rather that sutsti- 
<ute for gasoline [Ref. 20]. The limited ava —— and 
inconpa ability Weche S2Gbage tanks and vehic compcnents 
eliminated alcohcl as a feasible alternative for this studv. 


CD. ELECTRIC VEHICLES 


feeeehnazvacteris=ics 


The largest single user of alactric venicles (FEV's) 

Memeenc United States is the U. S.~ Postal Service (Ref. 21]. 
feeepestat]e 352 DJ-SE Electrucks mnanucactured by American 
Motors Ccrpcraticn and provide the best source of usér cper- 
n a maintenance data. letiieey <cOomranies, a>] . the 

md largest users of EV's [Ref. 22]. Eve's have been 
Meed in Great Britiar for more than 20 years, orimarily as 


delivery «trucks. 


Most EV manufacturers in the United States are small 
businesses. Manufacturers of EV's and EV compcnents world 
wide ars listed annually in «he February issue of Electric 
Vehicle News. A survey of U.S. manufacturers revealed that 
cniy three companies, Jét Industries of San Antonio, Texas, 


35 





Meylor Dunn of An@hein, Geesesinta, and Batcronic Truck 
@eeporaticn cf Boyertcn, Pennsylvania are currently mark- 
€éting EV's. The recession and iow consumer demand has 
curtailed production although =eseartch to improve EV tech- 
MOLOgGY continues. | 

An excellent source of EY performance data is 
Son-~ained in Electric and Hybrid Vehicles, Energy Technology 
Review Ne. 44 published by Noyes Data Corporation. ea 
Summarizes data cn charzctaristics, cost, maintenance, and 
energy consumption compiled from track tests, user s 
emda current literature. Data is presented for tw S 
cf EV's, these designed for personal use and those designed 
for ccmméercial use. 

Pye pertOumance differs gmeatly from one vehicle to 
another due to the variety of vahicle chassis, prepulsion 
Svszems, and components used. Track and dynamometer results 
provid= consistant comparisons cr vehicl *ypes putz vary 
from daza reported by users. 


Noyes Data Corporation's performance tests were 


O 


Memaguc-e¢d in accordance with ths Society of Autsmotivse 
Engineers Fiectric Vehicle Tast Procedures. The tests 


included measurements of rangé at constant speed, range when 


SPefacling Over prescribe adriving schedules, acceleraticn, 
Maximum speed, Gieadedbatiawy (a20) climbing ability), and 
braking. The driving schedules are: Schedule B - cruise 
spesd of 29 mph, Bee d BrOuUce, stop and go op¢raticn, 


Schedule C - cruise speed of 20 mpk, variable toute, stop 
eoua@. gO CreSsrations, and, Schedule D- cruise speed of 45 mph, 
Meeonded tc represent suburban driving patterns. The 
perfcrmance data presented below is a result of trac 
and user surveys. Performance data for selected vehi 
presented in Table V. GWiaguaeesras<icS ar> presente? i: 


Table VI. 
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TABLE V 
Electric Vehicle Performance Data 


Henufacturer/ Max Speed Range at Acceleration 
Venicle Gena ait ole Sea nade Ng 
speed Sait (tO 
Range Speed Speed Tine 
Mateos noh meh Séc 
AM Generel 
toe Blece SUeCK 40 45 3 30 20 
@ekeaen=c Truck/ 
Be naver 15 69 30 50 30 8 
Minivar. 96 69 30 50 39 § 
Weleda Frackur 60 By) 20 Si) 8 
get Industries/ 
crocdge Van 1000 52 50 25 50 14 
Lodge Yan 1400 95 50 22) ess Ns ds 
eee ,Gourzte= 750 60 50 a5 Meets) ie ce 
PuSTercr "Ca 55 aie) Zo Ce ae ee 
Grumman-Glson/ 
Minivan 5) 5) 43 30 mete ic cre 


BOurce: ‘Comp: Tied from literature search and telepacne 
alselse | (0 alo aa' 
eel aise! < Tata not available 


 laa-z 


@.e Range 


For almost all vehicles tested, range decreased 
m 


linearly with increasing speed. Tests were terminated when 
she @ehicle could neo longer accelerate to45 omph in 28 


seconds as required by schedule D. Ree =his@eeinct the 
vehicle is stiil fully operable but at a reduced accelera- 


fom Capability. It is ¢stimated that ranges could b: 


by 
rh 
O 
=| 
»D 
2 | 
Q 
p 


extended ancther 10-15 percent befort overall ove 
would be seriously impaired. PedGtudetalistedencsaliy 25 


Percent lewer than that found in «ihe literature owing to 
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TABLE VI 
Electric Vehicle Characteristics 


Manufacturer/ Number of Payload Pave ces 7 eae 
Vehicle passengers ibs & weignts - lPs 
AM General/ a 

CJ-SE Electruck 1 670 5471300 
Battrenic Truck/ 

Manivan 75 Z 1000 A ey7 2 SONG, 

Minivan 96 2 1400 11272300 

Wetiua Pickur 2 1000 eee 0) 
Jet Industries/ 

Codge Van 1000 Meds 1000 14479690 

Codge Van 1400 Ris ans 1400 144/960 

Fea CGUL Len 750 Weal. 750 120/810 

MLSCtL 1Ca Nea. eave 144/960 
Grumman-Clson/ 

Minivan 2 550 84/1000 


Scurce: Compiled from literature search and teléphcene 


an Ulm ye. 
a 
Menitigured fcr U.S.Po0stal Sarvice 
Meeps All vehicices had series weund DC motors and 
SecChia ConUeOlled Boece rie= Choppers . 


tes= procedures which require testing the vehicle 4 
vehicle weight and terminating whan the accele 
@ea-¢ria cculd not be met. User results ar2 signif 
low2r and mor? variable due to weather, Bolle, dzivecvs 
skill, and vehicle ccndition and age. Speed is meas 


mph and range in mileés. 
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be. Energy Ccnsumption 


The amount of energy required toca move an EV one 


j-4 
- 
7 
< 
Y 
9 
+ 
Q 
~ 
D 
2; 
ip 
fo 
WQ 
4 
of 
AY) 
J 
fos 


mile is dependent on numerous variapl 
rontal area, compcnent efficiencies, age Of  bacttsties, 


Speed, terrain, temperature, and aumber ct stops are all 


Beeanificant factors. Enersy, in kilowatt hours (Kwh), is 
measured at the input side of the charger fnergv demand is 
measured in Kwh per mile. Boergy ccnutbuhiction per mile 


MependS cn the range achieved per driving cycle and the 

amount of energy required tos n 

amount of energy needed to rech 

the depth of discharge and the ¢ 

and batteries [Ref. 23]. 
Wrweceiata COE POration conducted road ests tec 

measure the effect cf vehici2 weigh-, spe:d, Tesiszive 


acceleration adm nave ctr iecsency On Gmecgy ccnSsumpt:on. 


RESistive acceleraticn is the sum of tire friction and aero- 
nic GieaG, and Civeline efficiency 2s inversely 


c 
meoportzOnal to =he total less o£ anergy between the battery 


and wheeis [{Ref. 24]. Trev sOUnGeeae 22°37 CCONSUNDtL Cn to 
BemeoacpCrticnal *o the mass cf she venicle enil the resistive 
sline 


Beecelcra-i0on, and inversely sroportional to thea dri 

Pet ciency. The effect of speed on 

Mereed fy vehicie frem little or ne sffect to substantial 
as speed increased. Rheaci “asa anged £ 

meme 0-28 Watt-hour fer mil2 per pound of vehicle weighc. 

Field experiences fell ithin the range Oe en a oe 

Meee e-1b, «€6ENnergqy consumption in Kwh/mile as a functica cf 


Memecle weight in peunds is shown in Pigure 2.1. 
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Gross Vehicle Weight, Pounds 


Source: Reference 3. 











Fregure 2.1 Electric Vehicle Energy Consumption. 


c. Acceleration, Maximum Sp¢ed, and Gradsabilicy 


In general, acceleration, maximum speed, and 
Gradeability were lower than those of conventional vehicles. 
Mee@eterag-10n frog OO to 30 required 114 to 34 seconds and 
feeaminm Spesd Canged from 35 *09 56 mph. Most BV's can climb 
st2ep grades at slow speeds but most vahicles had difficulty 
Ciimbing more than a 5 percent grade at 25 oph. 
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qd. Fayload 


Personal vehicles are designed fcr on 


t- 
my 
q* 
x 
O 


passengers with nominal payicad. Commercial vehicl 
Mapaci=.€S Canging from 370 to 1770 pounds with mest 


exceeding 900 pounds. 


epdcseCrtpeien Of “EV -Gompencees iS pecserted in the 
@ed==> in Which power flows from <he source +9 the s1ectri 


© 
motor where electrical energy is converted =o mechanical 

Pregy. | 6¢5Cm ths receptacle, the powe> Eiows to the batrery 
charger, mctive power battery, NeGn== C6 (Cone actor, -COEnT=— 


Meriter, and the electric motor. 


a. Recevotacle 


Hoe Stidll EV*S chs receptacle is a 15 amp 125 
WOlt, =wo pcle, three wire, grounding type receptacie with 
Seechment plug. Fer heavier commercial EV 


5 
mea 250 volt, 2 pole, 3 wire, grounding type recepta 


lean 
meeachmsnt plug [Ref. 25]. The required power source is 
293—-2:20 vol~ line, 30 amos, with a 30 amp breakec-. Ties: is 
Saeval=snt <c two 115 vol= lines and a ground. The number 


Gf receptacles required depends on the size of the fleet and 


frequency and length of charging. 


Be. BKatcery Charger 


Miemeidwee=y Chae ge> 25 an integral compenent of 
“he EV system. Tt wust pe compatibl= with the voltage and 
Siesent of the electrical receptacle and the voltage and 


@cceptance current cf the battery. As a result of ths 
Memes ty Of battery types and v 

commercial battery char 

the chargers must tec 


yehicles. 


29 





z 


The battery charger may be either on-bcard the 


fmomicle ¢r located at the charging s*2@tion. Oe-reard char- 
gers enhance the flexibility of the vehicie by ailowing 


Saacging at multiple locations and mininiz 

the vehicle being stranded away from its charging staticn, 
but add to the weight of the vehicle. An on-bhoaxd charger 
weighs aprprceximately 115 pounds. Ofi-boerd chargers may b=: 


Larger and more versatile. These chargers can be orcsarammed 


to charge when low voltage is sensed, Eieags as res¢t 
intervals which keeps the battery warm theteby exatending 
Factery life, and cemplete charging shortly before vehicle 
us?2. 

The btattery charger accepts altsrnating Clee On 
Meom the power source and converts it =o direct curren at 
mie vclcage required by the battery. Gia ade meee =. 4 “G24 :3% 
current may cause gassing where the parztery elsaczurolyte is 
chemically dissociated into hydrogen and oxygen assis. 
Gassing necessitates more Prequ=is Vabetong Cs he 
Geren CTles. QOVe=necrandetdqumilay alSo cause th: bat*siies to 
overheat, shorténin Tipe mey The voltage taqmeced + 


Semacge a battery 


Vv 
decreasing as the cell nes 
c. Motive Power Batteries 


Power to the motor is supplied from & pod of 6 


Beei2 volt lead acid batteries connected in series. The 
yvoli-age availabie isa function of the number of cells in 
a2 pcd. Pima chargscd Gell Ras Ga voltag= <cf.2.35 
Bolts. Qtner types of battery systams have been propvosed 
and scme have peen developed and tested in EV's, bu= none is 
commercially available today. Bawa es es are © "deco vcycie" 
allowing =<hem to be discharged to 20 percent and récharged 


Withcut damaging the plates. 
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Two *ypes of lead acid batteries are suitable 


Bor EV use. meee ( ClimicaceEDceie ory -<sadesigmed  fo- tela- 
favely Jlcw initial ccst, high power, and high specific 
energy. The industrial battery is desianed ta provide long 
life and high energy, but it is heavier and more expensive 


than a golf cart battery. 


Battery life is measured in discharge cycles, 
the Number of cycles being depandeant on the gwepth ct disc- 
harg¢. A comm2rcially available gotf cart battery has a 
usef SG-=SO= percent: 

v 


Peed bite c£ 350 cycles when dischargeo <to 
ts capacity.1 Its useful life increases to oo 


a 
cycles when the depth of discharge is decreased to 50 
C 
Dp 


Percent. Industrial bkatteriss have a cycle Life of 750-2000 
deep cycles [Ref. 26]. 

The actainable enzzyy density (Whryvlb) is d¢epen- 
deén= cn the discharge rats of the battery. The capacity of 
*he batzery is also temperatures dapendenct. Lower tempera- 


tures reduce the capacity of the battery. 
dee agmetic Contactor 


Veeicegie ter cON castes @&—€5 an =isckricel switch 


operated by an eiectromagnet placea dbstween tae battery and 
mmees CCnttclier. Ween Open, DO ecusrent flows €tom the 
bac. Oly. iiomcmnele sec lhOSSas 3 £igeeng ci <he ignition 
Mey, OL by crerating in sequence the ignition k¢y and the 


acceleratcr. 
Eee CONT LOL LET 


The speed at which the el c Ss 
governed by the contreller which is operated by the acceler- 
ator pedal. MicwcanesOvlon, Controls a W fe 


the batteries to the motor and if reganerative breaking is 


eh ME. wad. .Wetalein, Glob¢-Union, 
yg lt sais es V8 3% 
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Besed., =he comcroller 
Boposite dizt@etion. 


Gient, sarie, and 
constant speeds, 
motor. 


Four 


Newoss tn} notes contacts. 
Successivaly higher back electromotive force 
generated in 
the acceleratecr is depressed furthér, a 


aigher voltage is applied to the metor. 


flewoln che 
effi- 


also controls the energy 


It is designed to provide smooth, 


reliable operations during acceleration and 


Swi 


limizted by the 


and provid2s overload protection to the 


MMpesEOL GONthCLicnhS aA52 Currently used. 

e types: A resistor is inserted in the 
which limits current. Cie Sec ed es we x= 

but causes enestgy loss. This loss is 


Sieventecwes MWeagencmenen golil casge. 
The 


application of a low 


SeCning weipe: Siahe 1G ,eClr ren. 2S 
ihe cal Vole age 
As the rotor gains speed 
(=nf) 


hie nd Lhe Current. 


is 
the armature As 
Successively 


Thea some] hog 


is relatively inexpensiv2 but rcasults in jerky accel- 
evaticon and increased maintenance. 

See vol~ag® Switching and Resistancs Insert Type: This 
methcd ccmbines the ftarturées Of cae abcve <We 
me*hods. resistor is inserted between <tih2 s*¢ps 
pesulting in smoother accelsration. 

Pee. 2 Stace Chopper: VpsOierieseace: CONntaol device 
chcps the power from the battery into discrete +ine 
Doe <S. A lightly depressed accslértatcr provides 
céelatively widely spac2d anergy blocks. AS he 
accelerator is further depressed the energy blocks 
are spaced cicser together. This is the prefered 
Hemicarat COdcaol EOQr larger vehicles. 
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&. ElsSictric Motor 


The most commcnily used Moceoruets ) 2 direct 
current, series wound type because of its high s*arting. 
morgue and simplicity. The high starting torque may obviate 
the need for a transmissicn. Under hsavy loads the torque- 
ampere ratio is higher ‘than that of other typoes which 
reduces battery drain during acceleration or while negoti- 

ating grades. In a series motor the field windings consis* 
Moe tew turns of large cross section conductors which are 
u n 


Semaected in series with the armature. Phe eshur tc 
a W 


consists of many turns of smaller wire which are ccnnected 
Bema fi2id ccntrcller Because of the 2xtra shunt windings, 


it offers more Oe cette and control tnan dicés a s¢eriss 


MocOr. A Climulataves compound Wound mctor combines the 
features cf series and shunt motors. ICs OLR{on ga atel ae ota 2 
era =-ing torque ard greater Reeme pete tey al ole ak rae le 
Regenerativ= braking requires “he capability +o vary the 
Smaumt field current. Persea saans addictonal ccn=rol 


BeecUlt cha= cannot be incorporated into a saries motcr. 
MeeortS =-<C ikcoOriporate regenerative braking into EV's have 


Mesautted in a =rend towards shunt or compound notots. 
g. Auxiliary System 


Lire vecdiamien=, Such as lights, horn, and 
heat ars provided by a 12 volt auxilary ¢e 
Bemetiac toc that used in an ICE vehicle. T 


h 
ratzery may be charged in three wavs: from the s 
used for “ne notive batteriss, from the mortiv 

b 


img a Step-down osciilatory circuit, or a li-vowe red 
BecectNa cr. Electric heaters are pigeeauets for large EV's 
and have been supplanted by petrolsum-based heaters using 


gasoline cr propane. 
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h. Regenerative Braking 


In regenerative braking, aeoevewge2 on ) Of the 
kinetic energy cf motion of a vehicle when stopped or slow 
is transformed from mechanical energy *o elect n 


ema treintrcduced intc the battery. Th2 benefits of 


m» 


tive braking are: 
ipeesmeerne- case 2n vehicle range, or, less battery is 
required to okftain a given range. 
2. Léss energy ccst per mils. 
Prolonged battery life owing to a decreased depth of 
discharge required for a given range. 
4. Less wear on mechanical braking surfaces. 
A Suuay condme@wed Dy Lhs"SNaticnsl “Reeeery Test 
Peporatory demonstrated that a 20-30 percent ancreéese in 


range is possible with régeneractive braking fF Ret. 27). 


3. Advéentages 


EV's provide a viabl= alternative +9 vetreleum- 


dependent ICE vehicles. Although procurément costs art high 
Meee civy>s tO ICE vehicles, operating costs ver mile gay be 
[Mjs_= deperding cn dtiving conditicns and the price’ sf eleéc- 


Bereity and gasolin:2. 
Moen cinpilzecreyeorenVv'S should offemetnctsased rs 
ability and decreased maintenance costs. Currentiy, £ 


@aes= 17 “he United States are nigh but this 1s zttributa 


Memcene lack of maturity in the industry. Where EV's are 
Mell established, for example, in Great Britain, their reili- 
@bail=ty and maintainability have been excellent [Ref. 28]. 
Czher advantages are decreased noise, and thermal and air 


pollution. 
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Decreased range, speed, and payioad lessen EV versa- 
tility, hewever, EV's remain suitable for low performance 
missions. 

Acquisition costs and batter rsplacement are 
Significant and not likely to be offset by lower cperating 
and maintenance coSts. Purchase prices ar¢ twice that of 
comparable ICE vehicles and the useful i:fe of a battery 
peck is peor nas? ene to two years. 

The batteries and ¢lactric motcrs may ore 
Sefety hazard to pérsonnel involved with their us2 and 
maintenance. ere in EV's range from 48-216 volts. Ths 
Seetrciytes present 2 possibility of chemical burns and 
kattery ckarging ercduc2s explosive hydrogen gas necessi- 


Meoing additional ventilation. 


Range, usage rats, speed, and load capac 
than conventional vehicles but do not preclude EV's from 


accomplishing low pertormance missions. Ay 


os 
‘D 
H- 


SieeeaG LOL Short-rangs ddlivery or utility vehi 
2SSicns charactérized by low speeds and mulziple 
technology will produce substantial ianprovements in 
Mance and expand their mission caépabdilitiés. 
Mequersi tron woes. S abe Nigh Owing =O low production 
volumes stemming from low consumer demand. Operating costs 
May be icwer for specific applications and when compared to 
gneftficient ICE veniciles. Energy consumption iS minimal 
Maen the driving pattesin is characterized by frequent stors, 
Seasting, and deceleration which do net consume snergy. 
Regenerative braking returns energy to the bactary, fu 
reducing operating costs. [iemestipleci-y OL dahcelec=ric 
t 


motor rezlative Somali lmen MOzOon Should feduce main 
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costs. Failure rates are higher than ICE vehicles but ars 


How in Greax 


Britain where V's have long been established. 


Tho major maintenance expense 1S associated with battery 


maintenance 

continues to 

Batteries. 
EVv'ts 


and replacement but research and development 


increase the energy density and useful life of 


satisfied the measures of effectiveness fcr low 


vyVeheocleSweand Swerem retained as a fleasitle 
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III. COST MODEL 

Department of Defense guidelines direct =he= il 
resources required tc achieve a stated objective be i 
in any ¢conomic analysis. The two objectives o 
analysis aré to determine the total life cycle ccst ( 
each alternative and determine the cost ccerficients 
Mmerees°O2 Variables and =~he input-output coefficients cf the 
constraint variables in the linsar program. The LCCeisnments 
considered are the relevant investment, operating, 
Maintenance costs of each alternative over che useful 1: 
of the vehicle. Ccests not considerzed are sunk costs, cv 
Mead costs, and the cost of stocking suppor= equipment and 
meOaic parts. Ba Qumeeeg.! «iss a Graphical. presthtatisn of 
est -guantity relaticnships. 

The cost coefficients express the rate atu 
fare OL th= objective function or ths total lif2 cycle ccm 
of operating a fleet of vehicles increases 
Seemadd:-i0nel vehicle using a particular fuel is added or 
removed from the opofuliation. Pi-ecOm Ef. CleGt 1S 9 4qual £0 


emeeuni= cost of zach fuel type. 


fee CCOL ELEMENTS 


1. Investment ccsts 





Havesemeat ccsts aze divided into two categories: 


fixed costs, which remain constant regardless of the number 
C= vehicles using a pazticula=> fuel type, and variable 
costs, which ars uniform per vehicle but var Ma wewe lan 
erect DPCTpcrticn to the number of vehicles. Pa weogn avec. 
Meme cOStS include infrastructure cost, installation, and 
meremning required to support a flee. of vehicles. The 
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Cost 


Figure 3.1 Cost 


which 
ei.evehsve les 
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the Automotive Commodity Center Monthly Customer Agsncy 
Report which is a cumulative listing of vehicles purchased 
by vehicle type for the Federal government. Purchase prices 
ty vehicle ccd are listed in the Transpcrtation Equipment 
Dascriptive Reference File Listing. BOE VenhLCLesS Utilizing 
natural gas, the procurement cost is thea cost of the vehicle 
Hpius the cost of the conversion kit nacessarty to convert to 
CNG. PEOCULSement costs for e#V'’s repres 

purchase prices cf vehicles thaz will mest missi 


ments ard were obtained from. EV manufacturers. 


Cperating costs consist of annual fuel c 

Getermined ky the price of fuel, vehicles esff1 

annual niles traveled. Wee Paice . oz £usl is 

Gebers per gallon cr kilowatt hour and vehicle effictercy 
u m 


is teasured in gallons per mil2 or kilowat+ ho 


Bee Maintenance Cos=s 


Maintenance costs consist of preventive and ccrrzec~ 
+iv2 Macatenance performed on the engine and drive «rain. 


g n Vv 
Included are all maintenance costs reported cn the Operating 
Buaget/Expense report which includes th 1 

plugs, =ilters, and replacement par nd components. They 
ealso® includ= maintenance contracted to outside activities. 
Maintenance costs fer CNG are a reduced percentage of the 
costs incurred for gasoline vehicles. The nercentage factor 
is the savings in maintenance claimed by CNG manufacturers 
and users. Maintenance costs for EV's are computed sepa- 
rately and are a funtion of annual miles. They also include 


the pericdic replacement of battery packs for EV's. 
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Maintenance costs ars difficult to measure 5ecause 
accounting procedures do not pel O WO Due d. S Dtumgus Sh ng 
preventive from corrective maintenance. Maintenancs gata fo 
ONG and electric vehicles 1s inconclusive becaus: recori 
keeping is inconsistent and incomplete, and manufacturers 
are inclined to advertise the best case as cppesed tc 

average maintenance costs. There is a good deal of uncer- 


tainty associated with maintenance costs but the difference 


bstween alternatives is sufficient =O Wat tanme Se Soe 
Gonsideraticn. 


ivan alternative LS ROt included tm the final solu- 
tion the fixed ccsts would be zero and a discontinuity would 


Peeese 22 the Origin for the fixed and total cost curves. 


Bo. LIFE CYCLE COST 


Mibe-CYCI2egcoscing 1S based on the economic life cf the 
vehicle. The weqemenic Life extends through the period 
q i 5 a 
fieergG which the vehicle is capabl2 of performing its 


assigned mission. Annual mileage and preventive maintenance 


Weigh heavily in determing the useful life cf the pewer 
train. Environmental factors may cause the body to deterio- 
rate kefore the engine does. Delays in programming and 
acquiring replacements may Seed @aocommand tS méintain a 
vehicle well beyond the point where it makes prudent sense 
momac so {[Ref. 29]. 

Activities report annually Bor thei ie 


1g an 
Equipment Management Canter (TEMC) the projected 
U 


each vehicle over the next three years. sing life #xpec- 
tancy iter. in NAVFAC P300 Appendix C, Ghee Laer 
determine hew many vehicles will require replacement and 


Peogram that number into the procurement cycle. Public 
works personnel determine which vehicles to dispose of when 


new replacements are recéived. Age and mileage expectancies 
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Mee sedans and™*=rucks waderwen]= <om are 6 vears or 72,9000 
fh 


- 
miles. Pipwadsta1LOG ce Zleage criteria, a 
vehicle is eligible for rep 7 when the cost cf repair 
exceeds 50 percent cf the present whoiesale value of the 
vehicle as determined from computational factors provided in 
MAYFAC P300, Appendix Cc. With 


meag, and budget cycle and an additional year for GSA to 


ae 


two year planning, progran- 


purchas?, receive, and deliver vehicles, an additional «three 


Beaecs@nay elapse befcre a vehicle is finally replaced.+ For 


this analysis she life cycle was oased on a ten year 
Seonom.c life, an arbitrary but suitabie pericd. This also 
Semcesponds to the 1if2 expecctancy 9f EV's claimed hy EV 


manufacturers, 


C. ODISCCUNT RATE 


Present value techniques are used to disccunt futures 


cash flows to presént value. DODINST 7041.3 recommends 3 
feerceunt craze of 10 cercent in comparative cost studies of 
genazral furvos? real properties. Cie Si Sati tec DOL a tess 
Mee nest Cost, investmen= ovnportunities forejone, and a 2 *ec 
Meeercen= inflation stabilizer. Constant 1982 dollars wers 
Heed in «his analysis. Pape NPE COReaAlLaS Un2iorm conti= 


nuous flcw discount factors for singiz year and cumulative 


Lew eet Ge. EOD Ashby 
memo oe0 Paancisco, Califor 
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TABLE VII 
Discount Factors at 10 percent 


Froject Year Present Value cf $1 Present Value cf $1 


Single Amount Cumulative 


Uniform Series 


; 954 954 
Z . 867 1.821 
2 788 2.609 
4 .717 6 
: | AS 4, O75 
6 Gee 4.570 
7 Pose 5.108 
¢ 489 34507 
g 2445 | 6.042 
19 405 5.447 
11 . 368 6.815 
12 334 7.149 
13 | 304 7ath5 3 
14 276 7.729 
15 en 7.980 


seurec>s: Department of Defense Insctruction 7041.3, 


ig Gero per 1972. 


a2 





CD. GASOLIE 





Fixed investment costs for gasoline-powered vehicles 
consist of underground storage tanks, fuel pumps, and 
distribution system. These are treated as sunk costs and 
not ccnsicered in the analysis. 

Variable investment costs consist cf the purchase 
price cf the vehicle less its salvage value. The FACSC RPT 
SYM/NC 11200/F825 AKO2 provided the current unit purchass 
price of vehicles by equipment code and family déesignéa<or. 


The aveztage purchasé price of the seventy two vehicles 3+ 


NPS was determined from tne unit price and frequency of 
cccurrence for sach equipment code. A weighted average 


rurchase price of $7,600 was determined. 


Pe 
The salvage value cf a vehicle 15 d¢ependenz on its 
le a 


foe, Mileage, condition, typ3, Pielacecn, 2nd consumes 
demand. HestO=tGa liye, athe Gene=al Services Administration 


has recovered 25 percent of the purchas2 price cf sed 
a 


Bomeetcent of two wheel drive ii:gh: <rucks after 
= 


Mately 72,0CC miles. bisiplcms aalre/ (bla appltes tO ail Fedsral 
agencies in California, Arizona, and Nevada. Th2 Defenses 


meperey Disposal Office at Fert Ord, California is réecov- 


Beemg 25 oercent of acquisition costs on Army sedans and 
Meaght trucks after epproximatealy seven years or 100,000 
Miles. The Defense Property Disposal Office at Naval Ait 
Staticn, Alameda, California estimated the averages salvage 
Merue Of sedans and light trucks aite=> ten years a 


femmes a= ten percent of acquisition cost. Thes= ch 
istics correspond to the projected age and usage rats 
vehicles used in this analysis, therefore, “én pe 


used as the saivage valué. 


Sp: 





2. Ogenazyng Costs 


ee a SP i ae =r 


Annual fuel costs equal the annual gallons cf gaso- 
line consumed multivlied by the price per galion. Annual 
fuel ccnsumption is the product of the average annual miles 
and the average fuel efficiency of the flest. 

The average annual miles for the NPS fleet was 
cbtained frem the Equipment Usage Record 12ND NPS 11240/1 
77). Pucl sfficiency was cbtained frca the Operating 


Budget/Expense Report by dividing the annual mites by che 
anhual gallons of fuel consumed for each cost @zccourt code. 
The average annual miles for the seventy two vehicles was 
§,928 and the average fuel afficiency was %4 miles per 
Meeelon or .071 gallons per mile. 


The price of gasoline was obtained from the Nevember 
a 


0) 
ca 
am 
WD 
(n 
cf 


Gasoline Ell. The State of California refund 
gesoline tax of seven cents per gallon for gasciine consumed 
crn Federal installations. The percentag> of on-tase usé was 


obtained from the Monthly Gas Sheets and zveragead 20 percen= 


Bere =he vehicles in the study. The price of $$1.196 was 
cbtains Dvertakemd a Weighted “avenr2qe of the price paid 


tefore and af*esr taxes were renoved. 
3. Nainsenance Cests 


Preventive maintenance is Derformed at regulat 


intervals basad ¢ 


{7 
ct 
ee i 
Mm 
4 
O 
| 
=) 
f t 
}~ 
(VD 
fv 
Te} 
(WJ 


O 
period. Preventive maintenance is predi 
Gi the vehicle, increasing only as “zh 
labor increase. COrréective maintenance is umschedulesd , ax 
O© near zerc during the warranty period and increasing over 
the life cf the vehicle as components bsgin <o fail 
Maintenance costs would expect to increase as che vehicle 


ages. 





Unfortunately standard government accounting proce- 
dures do not identify preventive and corrective maintenance. 
Records at the activity level and data accumulated by the 
General Services Adwtinistration only r2aflect total mainte- 
Mance costs, numper of vehicles, and number cf niles 
traveled. A reasonable assumption is that the average age 
Oise fleet, particularly a large flest, Téemains féirly 
constant as new vehicles ar? added and old vehicles 
salvaded. Total fleet maintenance costs, therefore, can be 
expected to be fairly constant. 

Annual maintenance cost per mile for N 


Beom «he Operating Budget/Expense Report. Tot 


ft pp yg 
ats 


cost and total mileage for thé cost accoun 
conSideration were summed and divided =o obtain Ss 
mile figure. ies was gone £or fiscal yeazcs 1978 through 
foo 2s The unadjusted automotive maintenance repair index 
Bea aii wsban consumers was used to infla~¢ prior year costs 
Pepemzils =<c 1982 dollars. The adjusted figutes wer? aver- 


aged to obtain a cost pér mile of $0.032. 


iiemto=ds LCC precuring, Opetasing, and maintaining 


cne gascline-vowerec vehicle is: 


=C = — + PY {Mi x ((P xn) + M)) - PV(S) (34) 
U Vv L GAS 
Where: 
oc —itea wc Lite cycle cost. 
So = Variable Frocurement cost. 
P = Frice of gasoline. 
GAS 
M2 = Average annual miles. | 
M = Maintenance cost par mile. 
S = Salvage value. _ 
PV. = Present value factor for equal annual 
pe cash flows for 1 y2ars. i egquais szhe 
MMe. Ofmyeers por iit eycle. 
PV was eiemvermre EdiG Or ~FO> a@ single cash flcw 
Sieeouee Lifaieveareof the. life cycle. 
n = Vehicle efficiency in gallons per mile. 





fhe =otal LCC for 


zi 


a 


eC = n(tc ) 
F U 


number of veh 


Gol 
‘et ee 


NES 
one vehicle was $11,760. 
of 72 vehicles was $&46,7 


Pee CCMPRESSED NATURAL GA 


There were a numtker o 


cperating characteri 


esentative in clcse 


£ 
Ce. 


weuld 
Dual Fuel Syst¢ 


cost sending p 


fa VCS. . °C 
company. 

dpisir apie 
she 


ctherwiss¢ 


WwaS ‘*he only 


Prices than next 


Unless nected, 


analysis. 


1. 





Fixed investment 


compressors, cascade system, refueling aozziés, 


and training. 


and mezzles was $39,900. 


supplying 45 gallons of CNG per hour or 270 


hour day. For the vehic 


required 5 gallon 


elin 


ecsc 


we Out ee 


compr 


Or waS nine vehicles 


DEGCUL LNG, 


icles in the 


the net present valus 


The 
20% 


S 


f CNG systems 


St ics and 


PEOxl i= 
2rsonnel 
onducting 


MSie. wbICre 


1g 


3 
——- 


n 
closest 


o™ 


COSTS CONSIST 


Mie COs. sea Ghe CONpsSSSor, 


tite color = 


Tics Ss 
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oe ma xi 
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net present 


Orc | 
Galero =T24 
dacstri5 


HOWE = 


operating, 


ning a fleet cf gasoline-powered vehicles is: 


Total fleet life cycle costs. 


fleet. 


On sty > 


value 


1a Oe 


ee 
Ne 


ee 


So@2 


tudy 
mum 
34 


total 


capacit 


vehicle 


and main- 


(3.2) 


Bee to: 


fos -a flesa= 


local 
ifcrnia 
lower 
icrado. 


i oe one 


A << ® 


a= 





assuming six hours of continuous operations. One cCcaALrresEeor 
was ccnsidered adequate for the NPS. Additional rs 
would cost an additicnal $23,000 each. 

The cost to install the system and connect the 
compresscr +o a source of electricity and natura 
Sees @ated at $5,000 ty the Coiorado distributer. 


Training was considered a one time cost. teas ang 
Was provided by the manufacturer free of charge, however che 
activity would have to pay for travel, per diem, and ranzal 
car. Training costs, based on sending two employees te 
miver City, Calecrn a fon WO Weeks were $3,700. The 


total fixed investment costs were $47,100. 
Variable znvestmert co more OL V2aac1> 

procurement, conversion kit procu 

The vehicle procurement and salv 

for gasolin= ICE vehicles. The conversic: 

rer vehicle. The useful life of the kits, the gas 

Zn particular, extend beyond the useful lif2 of 


and may be transfered from one venicla te the next as vehi- 


Obes are salvaged but tneizr exact lite cycle is noc 
documented, ands so= seen] PUT POSs ~Cr We@has. ahaiysis, was 
assumed «c be the same aS that of *h2 vehicle. The itea ! 
weeeacrile investment ccsts were $8,775. 


Ceezacing cests are a function of ths humbée> of 


miles driven on CNG and on gasoline, <= 


es 
+! 


MeesQline=, and the efficiency of the vehicle on 2ach fuel. 
Add2tional ccsts are incurred *o operats =zhe compressor. It 
WaS assumed that a vehicle would operates on CNG until the 
supply of CNG was exhausted and then switch to gasclinre for 
*he remainder of the day. A vehicie with two CNG cylinders 
containing five gallons of CNG and avaraging 14 apg could 


travel 70 miles per day or 16,800 annual milés. Annual 


=, 





mileéag2 at or beicw 16,8090 would be costed using CNG and 

annual mileage above 16,800 would be costed using gascline. 

The averag? annual mileage ax NPS was below this limit so 

the ¢ctal ccest reflects CNG us2 cnly. In actuality, the 
£ 


cc 
daily usace rate is rot uniform. Some vehicles would travel 


beyond she range of CNG necessitating the use of gascline 
The piece Of S$CS4eme cer therm for natural gas was 

cbtained from the most recent gas bill from Pacific Gas and 

Flectric. aA therm is eqiuivaisnt to ons ceil DH] COST. Ze 

operate the com 

and added to the 


WaS assumed to b2 the same as that for gasolin¢e-powvers 


ps Was Gquemed at Eine CGenzs psr gallon 


() 
Q wn 
Oo 
oO 
+1 


St oe Wa cliza “gas. Ven2ele Siize2=s icy 


vehicles. 


[eee cee OL Omeeeoursay Tegulrss 42h annual cpetatinag 
Cer VoRteNesOCeECdt@anrG On natural gas. Ths 


° 

Maintenance ccs ts ars best measured as @ perce 
Savings cver maintenance costs 
powered vehicis. The nost <a in 
Mmeeme Maznzenance intervais for o1l1, £fi1 


ai a 
plugs. Hewever, cart warranties may dictate specific mainte- 


nance intervals preventing these saving. Savings resulting 
from less ¢ngin2 wear mnav be realized because of fewer 
@aepon déenosi=zs but are less quantifiable. The maxigun 
benefit wouid be obtained from a vshicle that had been oper- 
ating exclusively on CNG. This vehicls would require fewer 


engine repairs and have a longer sarvice lifs because it 
would net have been subjected to carbon déposizs frem gaso- 
lines uss.1 


dIncteryiew wich Mx. James McCord, Compressed Natural Gas 
(CNG) Vehicle Equipment Company, Ft. Coliins, Colorado, 13 
December 1982. 
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A survey of automotive parts sales and auto repairs 
mde senvace conducted =n 1972 indicated that spark plugs, 


filters, and greas? and oil comprised slever percent of the 


market. Parts sales directly related to the ergine 
comprised uu. 34 rercent e)e eek marks (Ref. 30}. 


Expenditures on gasoline-powered vehicles for engine related 
Tepairs ard services that would be atfected by CNG were 39.5 
percent cf total crépair and service costs. A General 
Services Administration study rt2ported a 37 percent savings 


in engine-related maintenance. 


Five CNG users were surveyed by telephone to deter- 

Mine actual savings. Their combined fEleez size was 

apprceximately 309 vehicles, the average fleet size was 690 

vehicles, and <he average time in service was «wo years. 
du 


mi 
mero wiser= had uct extended <th2ir 


Vv 
Séervice intervals 2 <0 
c@r warranties. Three reported savings as a resul= of 
exterded service intervals. Ve wsoOecwNG COmpeny in. Stattic, 


Fashingtcn reported a 30 percent savings in maintenance 


Beem, Vehicle service lifes had been extended from 80,000 
eepowo miles ¢£o 100,000 - 125,000 miles although this was 
due in part to tas depr2ssed 2conomy. The majcriczy stax 
that maintenance ccsts wersc 
inteizvals were extended but more da 
they could cuantify the savings. 
While CNG systems manufacturers claim 59-60 percent 


savings in mantenanc? costs, market research and user exver- 


sence would indicate it is considerably less. Tiwe®* 2e~ as 
Savings in maintenance would depend on the age and usage 


ry 


at2 of the fleet and a priori ¢stimates would be very 
subjective. Uncertainty in these estimates can be evaluated 

using sensitivity analysis. De wOo- iNest 2c EStinac>s for 
Meomwculd b= a 3/7 percent reduction in the 39.5 percer* of 


Maintenance costs or approximately a 15 percent savings 


Se) 





4. Cost Model 
Biem tote Teme eCetOceN CEOCULERG, Operating, and main- 
taining cne vehicle ccnverted to CNG. is: 
eC = P + (373) 
U V 
PV ( (Mi Xu P + Mi et eee Jet 
NG GAS GAS 
(Mi + ) (1s) (M) + 
CNG S 
Py = PV-(S)} 
Wheres 
TC, = Ota | eamat Lite cycle cost. 
P = Variable Procurement cost. 
V 
P = Price of gasoline. 
GAS . 
E =—eaGe Or COMmpEesSsed naturel gas. 
CNG 
Jae Average annual miies traveied en CNG. 
2. = Average annual mi traveied on gasolins. 
GAS 
M = Maintenance cost per mile. 
s = Maintenance cost savings mae C= « 
S = Salvage valu: 
CE = annua operating v2armizt fs. 
PV. = Freseh= Value £actsr fcr equal annual 
= CAcsieelows ee 2 years. ate 
PY =~ leceme Valle facec: 2zOr a single cash flew i: 
piemeiae yoen Ob cone its cycle. . 
n See Tene iri Glency in gdalions per mile. 

The SC GurOnr es PE®CUPInG,.) Opetating,  and-main- 
taining a fleet of CNG-powered vehicles is equal ct the 
fixed inves~ment cost plus the variabl2a cost multiplied by 
the number cf vehicles. 

coo= § + HN{TC ) (3.4) 
lg Is U 
Wheres: 
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Weweeenotal lest i: f= cycl= cost. 


F 
= Fixed procurement cost. 
n =——eNumoecs Of Yeni eclsas In Ene rise. 


mer NES, the nes p 
one vehicle is $11,2€4. The net op 
m@emy2 Vehicles is $859,692. 


poe GLECTRIC VEHICLES 


Electric vehicle manufacturers are fey and their nurbe¢ers 
are dwindling. There exists a wide divergence in cost data 
Mendgang little value to an industry é4verdge. One manufa 

iT 


turer was chosén on the basis of c 
vehicles and the lowes* procurement cost. 
Marae en21 Gc TSUGk CCrporation cf 8 
Manufactures two minivans and ons pic 
'meePe- tOrtaencerd aca 
DicuV Sand Tani] Vi. 


k 
replace lew performarces sedans and truck 
and characteristics are displayed in Ta 


Costs used in the ftollcwing anmebysis pertain to *hése 


Pel eeieees Velie tos cel Bogirmonic Truc Ceprorazio 
had purchase prices cf $15,950. The purcnase price inc 
a two module, ieee Ole ResCUS eae -2ypc baz tery, a 
ern-bceard charger. 


The saivage value atts 


I 
at 
D 
38 


y2ars was quoted by zhe 


Bees SStresenta ive at Six percent of the acquisition cost. 
This was derived from the currant mark2t value of the lead, 
coppér, and iron scrap in the vehicle. 
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ieecdeimMgces<s webs gQuoced a= 1.5 kilowatt-hours 
per mile oased on data collect3d from EV users fcr both 
Wonter and summer driving. This is a2 conservative figure 
relative to data collected on other types of EV's of similar 
weight, and should be easily attainable. 

Tne price of one? kilowatt-hour paid by NPS was 
0.0706. The average annual mileage of vehicl=s determined 


to be lew performance was 4097. 


MmycmciMpise  tysOs the elsceer > c mocor relative =c the 

[Meee shcitd result ir lower maintenancs costs. See we 
percent cf maintenance costs for conventional cars arise in 
Meemeng: ne and its fuel, ignition, cooling, and exhaust 
systems. Maintenance costs fcr EV's ware estimated at 38 
O The 


Pea@ctiic «=f the Maintenance costs for ICE vehiclés. 
Ges oe h 


O 
the carts and labor required by the ICE, wnereas the elec- 
(e 


(pb 
iD 
te 
} 
8 
rw 
ee | 
ny 
ra 
Ec 
O 
| 
oO 
th 
=| 
© 
HD) 
ct 


meaacticn =~c 38 percent reflect 


Mee TStCr and controller require Beelefoe 10. Senve 


x 
during «he lif) of tne vehicle [Ref. 3 


Ue However, addi- 

BuOt@a. Haonzenance costs ars incurred that are unique te 
Ev’ s. 

the majer expense is associated with the Ilakor 

mevyolVved With battery chargin and maintenance Heres. |e 


This is supported by maintenance data collected by the U.S. 


Fostal Service. Bata secoltb=c2sd eon the Deparcn=n= iB 
Paecagy's Electri aaenyoelvamvenscle Dencnsezation Protec: 


EF 
Show that about 75 percent of the mainténance on EV's is 
Cc 


bkatcery-related preventive maintenance: Wa2ersn ells, 
cleaning terminals, and tightening connections, and ccnsumes 
about 1-1/2 hours every two weeks per vehicle. Battery 


replacement is @ majer ~ecurring expense. 
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Mhe Eaccrezy weed by Batctronic Truck Corporation was 


guarantzed for 750 cycles. One cycle per day, 240 days fer 


year, weculd rrovide a useful life of three years. 


would require replacement in years four and séven of t 


Pete cycle. Replacement price for the battery 


$4,800. The scrap value, based on a current markers 


Batteries 


n 
crack was 
O 


price 


lead cf $0.22 pear pound. was $506. This was treated as a 


reduction of the battery replacement cost. 
Material and labor maintenance costs were 


Paeeronic Truck Corporation at $0.08 per mils. 
4. Cost Model 
faicmcccea eo LGCCrmrOr “PSOCULINgG,  OPelating, 
taining one EV is: 


meme-= — + PV (M2 x (NE P fay). + 
V pe Kwh 


EVena) == PV (5) 


quoted by 


and main- 


(3-5) 


Where: 
aCe = Oral UNA: Lite ecyele cost. 
- Variable Procurement cost. 
p = Price of electricity. 
Kwh | 
M2 = Averege annual miles cr traveled by EV'‘'s. 
M = Metn ~enence cost. 
S = Salvage value. 
PY. = Present value factor for equal annual 
i Cash EVOWwS LOr 2 Years. 
EVa = Presen= value factor for the vear in which 
battery replacement occurs. 
E = Pattsry replacement cost less salvage value. 
PY = resent SWalus Faczor for a single cash flcw in 
Ene earnawe year Of Ehe Jife cycle 
n = Venicle e€fficiancy in kilowatt—h 


PicmerOucieamiece ror  S2OCUEIng; operating, 
eeem2na a fleet cf EV's is: 
TC = n(TC ) 
ef U 


De ~—lQuateerless 1ife cycle costs. 
SC 


f vehicles in the flee-+. 


| 
il 
v4 
fo 
= 
ob’ 
iD 
it 
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CUES per mile. 


and main- 


(3.6) 





a 


Mee NEO, Swe conte Faris CF The total Life 
Sycle cost for one electric vehicle is $25, 863. The net 
present value for a fleet of 45 vehicl2s, «the an 
vehicles determined to be suicabie for replacement 
performance vehicles, is $905,205, compoared to $411,600 for 


thirty-five gasoline-powered vehicles. 
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A. THE NATURE OF THE LINEAR PROGRAMMING PROBLEM 


14 


Sica seranming 2S 4 Mathematical ~tcol for detsé 
Mane ncd he cCptimal allocation of an organization's limi+ed 
ong cozrpéeéting demands. I+ is characterized by a4 
PIOneDEertxXed DY DECEst or loss coef fi- 


r maximized or 


wv 


e 
he objective function is ith 

Mmmmizea subject =c linear constraints which define he 
area cf feasible solutions. AS with ali déc 
Maman aid <=c =h2= decision maker and is not intended =o be 
the scle Fasis fcr a decision. 

The simplex methcd is an it € 

linear pregramming prehlem. The search begin 


S 
e value ct che 
x 


Whete 2 test fcr optimality determines if th 

SegeG.ivVe CUNCticn can be increased (for maximizgaticn tercb- 
lems) sy mcving to an adjacent corner point cf the feasible 
mete Lhe process ccnkinues until no Eturther lmpreovement is 


possitie. 
mage —esO> Solving the linear 
progran. An §26e h sige. --and Paes <21ca lL 


r 
Meomary (IMSL) soutine was 


A linear programming problem is composed of: 


Decision variables: The variables whos value is unknown. 
The variatles represent the projects or alterna 
Peete 1S tn= Quantity included in che final sclution. They 


are usually designated by X1,X2,...e%c. 
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Pee ere Osteo tf iGl=ntcamnne COcEficzen=s of the vatia- 
bles in the objective function. They expresS tht raze at 
which the value of the objective function increa 
decreases as on2 unit is added cr removed from “the fin 


solution. 


Objective functicn: A mathematical expression showing the 
linear relationship between the decision variaples and a 
Single qcal or objective which is either minimized when the 
decision variables are prefixed by cost coefficients, or 
Maximized wnen the decision variables are prefixed by ecrofit 
coefficients. The cbhjective function is a measurement of 
effectiveness of goal attainment. The valu¢e of th2 objec- 


tive funtion is represented by the variabie z. 


Merstia_nts: The censtraints represent «he limited avail- 
mor iaty cf resources or ape city «he Teo wie B00 Mn oh ad oe Lote 
Begulsement in the final solution. They limit the maximum 


cr minimum value of the Pe caetes Pimect On. | CONS t=oIn. > Tay 
ke excressed as linear Slade sS OL Dueguaki=nes. 
MmemescotalNtS CONSiSt cE znput-ontput cosftficients written on 
Miewelcte-hand side cf the equation and capacities written on 


ene right. 


Pape -OUtCU. co*erficients: DmeweGem rl Cl1En.s prefix he 
decision variables and =xpress the ract2 at which a rescurce 
2S utilized or depleted as one unit of a decision variable 
memeadded cr dele*ed from the final solution. 


Capacities: The availability of various resources expressed 


memeraeuerper iimit, lcwer limit, or inequality. 


Nonnesgativity: Only nonnegative values of the decision 


SS eS ee ee eee 


Waewerl=s are aliowed in zhe final soluzion. 
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on 


Gertainty: All data associated with linsar programming is 


i 
known with certainty. Sensitivity ana is provides scm2 
S 


leeway in dealing with the certainty as 


ve The unit costs and inpur-output c @ 
caange linearly with volume. They are unaffected Ev changes 
uanti 


jties preduced or purchased. 


Nonnegazivity: All decision variables are required ts take 


ncnnegative values. 


Madi tivity: Liem OtdmeUtcigtociamone Of a TSSourcs is de*4r- 
Mined by summing that portion of the resource consumed by 
each alternative. 

Paiva sitilitv: Tem Cdcei ston VaelapDles alte continucus, thet 
iS, they can take any fractional value. im? pits) pEecboienm 


Fractional values are infzaszble bux= it will bse assumed «hat 
rounding to the nearest whole value will ne 


Memmeecy Of the final solution. 


A simple product mix problem will be usad zc illus- 
d 


trate linea=t prcgragming. Two products, A an a ee 

Meee t contributions of $25 and 330 resvectively, mus* 

compete fcr threes limited resourcss. Blow) nOUDS-C.c- Labos 

tim2 and ninety hours of machine time are availaktis ¢ac 
iE 


week. The manufacturer is unable to narkeée* no 
unizs cf preduct A each week. Product A consumes 8 hours oO 
feet and product B 10 hours. Product A consumes 13 hours 
cf machine time while oroduct B consumes 6. Tne, cence— 


Beemts, Written as linear functions, ars: 


ony 





Laber asurs SA + 105 § 80 
Machine time 13A+ 68 ¢ 90 
Marketing VAS+ 25205 Cant 


Scliving for the variables A and B in ¢ach ¢€q 
Meetd=S the A and B interceps. The constraints a 


PAs + 6B 7290 


8 
z= 25A + 30 B 





Figure 4. 1 The Product Mix Problen. 
Graphically in Figure 4.1. The area bounded by O-C-D-F-F 
defines the feasiple ar¢2a in which tha optimal soluticn may 
ee, ecund. 
saa 


he 


Ch gecGriv=)is5 =O) MaAXiNize Drortit which is ctepre- 


Pemecad Cy the variable z. TRiemeOjeewav> =Unc = lOn 2s: 
yy 3 


Maximize z = 254A + 30B 





iiewobopemor Che webgeceeve Euncticon is an lsoprofit 
line. Starting at the origin the value of z is increased by 
moving the isoprofit line away from the origin until it 
intersects the point on the boundary of the feasible area 
where profits cannot be increased without ¢xceeding one or 
mor constraints. 

Three dimensional probiems require considerable 
Meeort =<c solv2 graphically. With four cr Vv 
is impossible. Linear programming uses an i ativ 
to analytically evaluates all corner opoinzs defining the 


feasikle region and test for optimality. 
4. Capzzai Budgeting 


A widely used heuristic method for allocating 32 
limited capitai budget is th2 aert present value method 
meomosced Cy J. H. Lorie and L. J. Savage in 1955. A firm is 
tasked with investing a fixed amount of capital in a number 
cf possible prowects with known cash flows. nae “COS. OF 
Capital is assumed tc be known and independent of 
decisions. Cash flecws are discounted to present 
Frojects are ranked in decreasing orde 
Meme -=I-COSt ravios. Projects ars selected fro 
j@eelis. until the available capital is exhau 
MEeEEO GC] With a high snet-present-v 

é of such magnituds that it excludes 
bility of selecting multiple smaller pro S 
result in a larger net present value for tne firn. This 
Pememod Latis tc consider capital limitations ini 
periods beycnd the present except through a trial a 
Beeeysss Cf combinaticns of projects. iia lsoud 
G@emeede> any surplus capital thac could be utili 


gai iOnal frojects. 
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He Martin ngartner, shal Oo, cast the 
Lorie-Savage preblem in a linear progtam. The present vaius 


Racecar tenryaciyo 2S —eValUated in a linear functicn. 
u 3 


Although intsger prcgramming metnods me be seq 79 deal 
Tigorcusly with the indivisibility of mvestment vrojects, 
the excessive computation tim2 vroduces Sts elagut inercvs- 
ments over the linear program approximation. The capital 
requirements of sach alternative and the capital CORot cecne 
for each year of the project are also represented b 


pumctions. The objective is to chooss the altern 
alternatives that maximize the nar resent va 
weolating any budget constraints up t9 a specified hort: 
Resctricting the upper value of sach oproje 


5 aL 
Sem etcn tO WRity ensures that only one cf any preject 
m@etuded in the final solution. Projects 


one are selected [Ref. 33]. 


emma sGlarmk ss abo Formulated a set cf heurtstic 


@eereio7 Euless for accomodating ‘fractional values. LE =he 
value cf the project was between 0.380 and 1.90, cheese ou 
Would ozotakly seek additiorai funding for ~he project. A 


value between 0.30 and 0.80 m@y warrant a joint ventura with 
moener firm. Pe eien Val Geouwaseue30" Ob Less “She prcjsc= 
would prckatrly b= rejected [{[Ref. 34}. 


Bem thet FLEET IZ PRCELEM 


ijemieesct Mix pecblem has characteristics of the preduct 
mix and capital budgeting examples. Mois ume Or lhaghe and 


dow perfermence vehicles can fulfill the missicn requice- 


Memes Of an activity, Ditwepewatriag budgs=s and capi<al 
requirements must also be ccnsideread. The technique of 


selecting the fuel type with the lowest net ores 
cCOS:=S may net always be the optimal solution be 
ie 


the fuel type with the lowest total cos= may no 
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Ber tagh performance vehicles, {2) a fuel type may result in 
lowez operating and maintenance costs but the investment and 
conversicn costs may exceed orocureament budgets, and (3) 
combining two fuel types Ss 
of costs greater than that of operating sol¢ly on gascline 
due <tc the fixed investment cost which must be added tc the 
total variable cost. 


The tission requirements cf an activity dictate the 


number of high cr lew performance vehicles «hat can 2 in 
eae final sclution. The Equipmen: Usage Record indicates 


vehicles with annual usagé rates and daily operating ranges 
that exceed the limit for lew verformance vehicles estab- 
Mesned in Chapter I~. A listing of vahicles cn-board can be 


used to identify vekiclés with load capacity requirements 


that exceed the limi+ astablishe for jJiow performance vehi- 
eres. The fleet managers must make a2 subjective decision 


bas¢d on misSion assignments 3S <tc how mininum acceptzanls 
speeds affect vehicle classification. PES *example,; é 
requirement for extended highvay use would precludé asign- 
Memes 22 Jcw performance vehicioes. OF the 72 vehicles at 
the Naval Pestgraduate School, 11 vehicles had annual usage 
Beees OVEr 11,800 niles, 26 vehiciées had minimum load capac- 
ities over 1400 rcunds, theuctor - 37 vehicles were 
classified as high verformance. The remaining 35 vehicles 
wer? classified as lcw perfcrmance. we anehvyS.S (OL indi vi= 
dual vehicle requirements and ciassification based cn spead 
cr highway use was nct considered. 


miemceoctlam 1S fcrmulatecd £5 take into account an activ- 


mey's Orferations and Maintenance (O&M,N) and Other 
Procurement, Navy (OF,N) budgets. Vena Ninsnun, OP,N 2s an 
estimat2 cf the amount the General srvices Administration 
has kudg¢ted for gasoline-powered vehicie procurement. 


Peeeutemen. dollars fcr vehicle conversion to CNG seed nor 


Meeganace f£=OMm Within an activity if external procuremen+ 
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Gollers are available. Pontes eoLonlen, ROWever, 1% is nom 
required, cz even desired, to consume all of the availabls 
S2pitewl. 


The decision variables represent the number of vehi- 


cles cf each fuei type and are defined as foilows: 


X = Gasoline-Powered Vehicles 
1 

S = CNG-Powered Vehicles 

= =VEiiee==1c¢ Vehiciscs 


The cceefficient (c) of each decision variable expresses 

1 able We COSt CE PLOCUrIAgG, Operating , and 
maintaining one vehicle of ¢ach fuel type. These values are 
meee ned f=Gm equaticns 3.1, 3.3, and 3.5 céespectively. The 


famete Of the objective function, Zz, represenz=s the toral 
a 


meeeacrie LCC’ of precuring, GpeErdcing, and maimaining the 
mileoct . ihe fixed cestsS must be added <to the value of z to 
Mieeo ve ay the total fleze+ LCC. The goal is <oO minimize the 


alic Of 2. 


MuemiG@si) COsEriGisents in Lhe Eszst cons=taint are the 
Uni: veriable vourchase costs and variable investment costs 
a Pne tai g ha —hand 


(CNG conversion kits) for each altsrnativ 
PESOdg2-SG LOr vehzcle 
0 


sides is an estimate cf the OP,N amoun 


procurement and additional OP,N amounts planned LOC 
investm2nt/cenversion. The procuréman= budgets are ~reated 


Semone aLeClrcpria<~io0on account; however, an activity would not 


Peels £C “~Tanster funds from Ons appropriations account to 


The cos coefficients in the seco 
uUni= C&M ccosts for each alternative derived 
fee 3-2, and 3.3. The rigkt-hand side is 
kudgeted for vehicle operations and maintenance in «th? firs« 


year 
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PiemeCOsc im COcCtErPGIenes In =he third constraint ar¢ the 
unit present value of annuai O§M costs less the saivage 
valus. The right-hand side is the present value of an 
activity's budgeted CEM costs for the fleet. The computa- 
tion cf annual and budgeted O§M ccosts and budget constraints 
for NES are contained in Appendix A. 


tre foun<h ccnstraint limits the number of lew perfcr- 
mance vehicles in the final solution, low performance 
vehicles teing previcusly defined as alectric vehicles. fhe 


Ge=tfiezent for low performanc2 altarnactiv é 
right-hand side is the maximum number of low performance 
vehicles allewed by an activity. 

micwit©®=en CONSErFaint provides the user with the cprtion 
Mae stecifying the number of vehicles that an activity 
desires +c remain gascline-powered, for example, emergency 
vehicles cr Admiral'ts sedans. 

Mic si kth CoOnstrain=e specifies the fleet size. The 
Seeeticient for cach alternative is one and the right-hand 
sidé¢ is é€équal to the fleet size. 


The problem wrizten as linzar squazions is: 


Meme Ti ze Z=c X +c X +c X 
1 4 2 2 3 
Seo yect to: 
i ee es < 0 
111 ae o'9 1 
b + + Ke tp 
21 1 22 2 DS 23 2 
Dia +b X + b < b 
31 1 ge”) 3373 3 
nM << 5 
“3 3 U 
Dek Shs 
Sal 5 
b a3 + = er) 
617 1 G2 2 63 3 6 


US. 





Segeclaenes "Written aS inequalities may not be fully 
Memlized in the final solution. Meco sea nit Of che ECrm 
"less than or equal to" may have an unused capacity which is 
represented by a slack variabie {5S} Chaco 222)er positive 
Oe Zero. MaGOUS eraser Ore tae form “qr 
to" may exceed the minimum capa as 
a surplus variable (S) that is either positive or 
ensure surplus variabies remain 
variakle (A) is added to the equation. Aiols 
noc have any physical meaning and is ass 
value of M to prevent it from =ente 


M is thea lardqest value hae 


wm ct 
G hw fF, 
iD 


Artificial variables are also ce 
Popcs tC maintain the identity. SLaexs? surplus, and 
Meeeliacial variables are included in tha objective functicn. 

A soluticn to a system cf linear equations requires «hat 
the number of variables equal the numbar of squaticns. ile 
there are more variables than 2quations, thers ure a 
Meese number cf soluticns. If there are fewer va:riable 


S 
equations, a soluticn would exist only if -here was déegen- 
a 
g 


Piracy, 1-.¢€., when three or more equations intersect at the 
optimal solution. To overcome this problem 3ceme of the 
Meesabics aze set tc zero. The vartiabies in the final solu- 
tion are called basic variables and may havea pcsiczive or 
zero values. The number of baSic variabies is equal «ic the 
momoer cf ccnstraints. VameeableS Roc in the final solution 


are called nonbasic. 


memeco've the linsar program with <th2 computer the 


ty 


problem was rewritten as a maximization problem in standard 
Seem and artifical variables introduced. To changé tca 
MaXimizaticn problem the objective function was multiplied 
By -1 andthe variable for the objective function was 
Changed frcm z tc ww, where, Z= -wW. The probiem is now 


Written ass: 


74 





Maximize we 


-c X - ¢ X¥§ - c X +0S +05 ++9S +085 -O0S.-MA -MA 
i De ae ; 2 3 eee 4 a > 


Sao yect <Cs 
X + b X + + S 8) 
171 ~=«+1 22 3-3 1 1 
L + xy + S < b 
ey 2pm’ Zh oso 2 Da 2 
X + X Dek + S <5 
a (1 Bo 2 33 “3 3 3 
Ge k + §S <p 
43 3 4 me ails 
fe, =X - S +A 2) 
a (ot 5 1 5 
ee xX Wan ek ee ie + he oe 
61 1 2) Age 63 3 2 6 


emcee ew SOlvIng. ) 24rn]er manually or Dy computer, 
Mie problem is written in a tableau. The variable 
Mereten accross the top and only <che coefficients are 
the main body. Pier cOcrtinGucen=.s Of the .c 
HOG 254 W¥eitten below =he constre 
ares. The Zj row is che summation c 
asic variable coefficients and th 

== of the main kody. For example, 23 
( ) + 0 (3468) + 0(0) - M(1) - M(1) = - 
S Ounce cy Wiech the objective Euncion deicreas2es as cne 
Meee Unit of the variable is added. (Tine) Sanoun= bycwatc a 

mer. CCst increases). The Cj-Zj, or 2valu2tor row, shcws 

Metmeatpact on the value of the objective funticn by 

Pemeergd Che uni= cf a non-basic variable to the basis. The 
kasic variables and their coefficiants are written on ths 
left-side cf the tableau. Maoke wViit -illustzates ~he 
problem written in tableau form. The coefficients are =hese 
computed for NPS and are derived in Appendix A. The value 
@Samene right-hand side of the fifth constraint was arbi- 
trarily set equal tc two for illus=rativé purposes. The 


final catleau for the problem is displayed in Tables IX. 


Us 





HABLE Vit 


Vehicle Mix Tableau 


Basic 
Variable Coeff. Quantity 


631800 47600 8775 
49902 


271816 


11760 -11284 -25863 
-M 


“11760 -11284 -25863 
+2M +M +i 


TABLE Six 


Final Tableau 


Basic 
Variable Coeff. Quantity 


2350 
17926 


119770 


“11760 -11284 -25863 
“11760 -14284 -11284 


0 0 14579 


vic 


25 
Slits 
356 


1395 


mi 
1178 
e256 


1395 








The values cf basic variablas are read from the 
G@uantity column. Non-basic variables are equal <tc ze2ro. 
The value cfw is ccmputed by substituting the valuas f 
[meee ond X3 Ynto the objectivs function. The final solu- 


mon is: 


X = 2 So o=" 273850 S = 35 mo =o +3, 400 
1 1 + 

X = 790 Sp = 17, 329 Sara o 
2 Z 3 

e = 0 = = 119,770 w = -813,400 


The tlset would be composed of two gasoline-powered 
vehicles, seventy CNG-powered vehicles, and zero EVs. at 


h 

OP,N and O&M savings cver budgezsad OSM in year one woulli bs 
h h 
0 


me350 and $17,926 respectively. The present valus cf the 
Seaeeng= in O& for ysars twe through tan would be $119,770. 
Thirty-five vehicles previously classified as lcw- 
performance still employ a high-performance 


m a 
Fased cn usage rate and load capacity, these vehic 
be replace oy EV's without miSSion ainpairzra 


“ 
© a tleet size cr seventy-two vehicies has 


requirement £o 
reen satisfied. 

Micme@ersal © Lcet vartable cost Ls 5813,400. Adcing the 
$47,100 fixed cost Ecr the CNG infrastructurs, as dziveloped 
Mmmoeice2 On E(1) of Chapter III, brings the <ctal lite cycle 
Bese to $860,500. ies sSiXeCocdsecie socal izfte cycle ccs 
for gasoline-powered vehicles by 313,780 derived in Chapter 
cele te . Weeng ho CEiterion eszaolished in Chapter I, the 
@eei2sion would be tO continue operating with gascline- 


powered vehicles. 
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Ge SENSITIVITY AMAL YSIS 


The analysis epreceeds ander the assumption that an 
Bectvyty is willing tc take *he initial f1ix2d cost invest- 
ment and ccnfigure the fleet in accordance with the final 
solution. This assumption is based on an acceptable payback 
period which will be addressed in a subsequent section. 

The evaluator row (Cj-Zj) shows the net impact cn total 
life cycle ccest cf bringing on2 unit of a non-basic variable 
meee the solution. Adding one EV (X3), which necéssitates 
the removal of one CNG vehicle (X2) to satisfy the equality 
constrains, will increase LCC by $14,579. A raquirement for 
each additicnal gasoline-powered vehicles (S4) will incréasé 
fecal costs by $476. 

Miele t lcs Of: SUDStitution indicat the tradeoffs thax 
eccur when a non-basic variable becomes a tasic 
Mien ifa-icS are contained in the bedy of the tableau under 
meee ren-tasic variakle cf interest. mecomg, Hone EV wait 
decrease the first year's savings in OP,N by $7,175 , G&M by 
$325, and the z=he presenz value of subsequent year's savings 
mmoGch by £7,079. This wili also dacrease the low perfer- 
Beme@e Vehicié surplus by one, have nO impact on the number 
cf gasoline-powered vehicles in the final soiution, and 
decreas¢ the number ct CNG- powered vehicles by one. 


Increasing the requirement for gasoline-powered vehicles 


fae crsdice OP,N exrenditures in the first year by £1,175, 
but d¢ecreassO&M savings by $256. Savings in years two 


through ten will decrease by 31,395. This will have no 
meeaet Cr che low rerformance vehicles surplus and will 
reduce the number of CNG vehicles by one 
Of greater interest is the range of values that the 
coefficients of the decision variables may assume withcut 
Changing <he composition of the basis. This range is 
i 


composed o an upper and lower limit. As icng asa 


iis 





eo -ftrewene 25) W2thin f£h2s ftang> the curren optimal sclu- 
+ion will remain unchanged. Should the coefficient qe ancve 
cr below these limits there will be a change in c<zhé kasis 
and oftimal solution. The simplex approach distinguishes 
retween the analysis of basis and non-basic variables. 
Analysis of Basic Variables (B): Th2 analysis cf vari- 
able x1 will be used as an example. 
Seopeie | COnY the Gj-2] Gow Of the optimal solution. 
metez. COpy «he Xl row bedjeonethe Cj-Zj row. 
Seer 3. Divade ths Cy-2Z3 ros. by the X1 row for sach 
non-basic variable. 


B NB B NE 
Cj-24 0 0 ~14579 9 0 “476 | 
1 0 0 9 =F 
(4-25 | -- -- o -- -- -- 476 
t17 | 

Lee ee ee a a oes ee eee roam einenics seco ee Sees a ems a 


The smallest positive number (476 in this ple 
Iyenecw much the coefficient of X1 can be increased befcrs 
the solution is changed. The smali¢est n Ve number 
‘absolut¢e value) indicates by how much the coef 
ke decrsased without changing the soluion. The smalles- 
negative value in this ¢xampl2 is infinicy. te 
Values is, therefore, 


=~ti/o05=3 @ < c,< -11760 + 476 


C= 


cua c,< ia ode 
The total variable LCC would have to decrease to $11, 284 
rkerore the composition of th2 flieet would be composed of 
gasoline-powered vehicles only. An increase in the total 


Variakle LCC would have no effect on fleet compositicn. 


Ue 





Repeating the same analysis for variable X2, ~he range 
of values is 
-11/60 < Co< OF 
fies ectal variable LCC could increase to $171,760 beftcre the 
composition of the fleet would change tc gasoline-powsered 


vehicles cnly. 


Analysis of non-kasic variables: ier des@tOor a nans 
basic variable to enter the final soluticn, Teomeoott Gren. 
will have to change from its present values (Cj) 2o eo ™y, 
where 

ep) Sa e 


Mmicean ©V to enter the final solution, its LCC would haves to 
decrease tc a mininud of -11284. 

Knowing the range of values thaz the coeff 
assume without changing the final solution, che 
then examine the determinants to ev 
cr determine the chang?s required befor 


meeomes ccst effective. 


PeeeANALYSIS OF THE DETERNINANTS OF TOTAL LIFE CYCLE COST 


1. Gasoline 


Since acquisition cost and salvage value 
same fcr gasoline and CNG, changes in relative LC 
have to tea result of changéS in operations 


a 
Nance. The price of gasoline 1s the most likely determinant 


to changs. Neom=scauce DCG Oo Sii,;2e4, “1l2fs cycle operating 
costs wculd have *c decrease from $3,243 EG 62,7757 
fayaeatzon 3.1). Nerde ito Veweenes Seduction =he price = 


fe 
gasoline would have tc fall to $1.019 per gallon, a likely 
meemmence With tcday's oil glut and prics instability. 

Tf maintenanc2 cost savings with CNG were predicted 
to be 50 percent instead of the 37 percent used in this 


analysis, LCC for gasoliné-powered vshicles would have to 
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fnop co om sl, 7o5 © to $117.2 SOK BOmaeiteyo ur snis LTeduc*=cn, 


Bae peice of gasoline wowld “Haves to fall to $1.003 per 
gallon. . 
2. Cometessed Natural Gas 


Wiehe ae OL pendeng ems Congiiess to deregulate the 
netural gas industry, the price oc# natural gas is mcst 
likely <c change. To increases variable Lcc from $11,284 to 
ie o0, life cycle cperating cest would have to increase 
meom 21,547 to $62,923 (equation 392), which equates *o an 
Bie tease in thes price of naturel gas form $0.57 to $0.75 per 
gallon, cr, approximately $7.50 per 1000 cubic feet. This 
would bs a 31 percent increase over th current prics. 

Maintenance ccst savings with CNG aré uncertain bu 
Meee sctal ECC is relatively insensitive *o changes ir the 
eavenag factor. The current LCC is sased on a consetvativ 


estimate of 37 percent savings in 2angine-rslated mainte- 


M 
ey) 
) 
(D 


nance. MamOp 1h Scle sscltie-2> sot 20 j2rcent would descr 
PeemoyY $45 =c 311,239 or 0.4 percent. 
MNeVGOSs per COnVvVSetstsc. Kit can increase +o $1,551 


C 
emer percent before LCC reaches $11, 760. 


Eee lectric Vehicles 


Femiise=1ON €CSt 1S the Sangls largs¢ 
i 


Peemeeotcal LCC for EV'S. Acquisition cost i 


in 


n 
high until consumer demand induces larger scale production 


ema tCwlr unit cost. Ad inezaas= in demand is likely *c be 


(D 
rer) 


the result cf increased cost in operating gasolinée-power 
vehicles and shortagés in gasclineée suppliées. 


Battery replacement and maintenance costs ar2 the 


second largest determinant. Pmoyvectedq lead-acid ca 2sry 
performance in 1985 is 1000 deep cycles and an energy 
density cf 46 WhyKg. Together they might multiply the range 


Ores v'S Nearly fivefold and cut battery depreciation in 
Mew. (Hatilton 31). 
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Evaluating hypothetical scenarios, if an EV purchase 
price was reduced by approximately on2 half to $8,000, and 
the useful life of batteries was extended to five years, the 
fora LCCawculd be $15,320. Tiros sei bh p35 ,200 Greater 


than gascline-powered vehicles. If the price of gascline 
were +¢0 increase +o $2.00 per gallon, POccie bee LO= 


gasoline-powered vehicles would increase to $13,944, still 


less than an EV. 


© 


Comparing an EV with @ ten y2ar life cycle, $8,00 


Q) 


purchase prices, and five year battery replacement cycle, << 
a gaccline-pewered vehicle with a seven ysar life cycle and 
Pmeeocilin: price of $2.00 per gallon, the annualized LcCc for 
feeee vy OVE the ten year cycle is $1,532. The annualized LCcc 
for a gasoline-powered vehicle over seven years is $1,567, 


slightly greater than on EV. 


EF. PAYBACK PERIOD ANALYSIS 


A decision to incur inves<ment costs to achiéve savings 
sn OSM would be based cn an acceptable payback pericd. 
Approval authority is dependenz on =he investmen= value of 
fae CTC Ect. Energy Conservation Improvement Frojects 

) that require approval by major claimanzs are gener- 
@aily approved if the payback péricd is three yeaars cr less. 

Mapeelcerndte a2Dproach <0 Sensitivity analysis is to 
determine the impact of various daterminants cn the savings 
in O&M. Saneeewen= Ihagn LCC of EV's place them ouz cf the 


Beecure for the near future, the analysis will fccus on 


gzsolire and CNG. Lecterminances with the greatest petential 
Mee atitscting Savings in O&M are the differerce in the 


Pumecs Ct gasolirs and natural gas, fleet size, a 
annual niles. Savings in maintenance costs resu 
conversicn tc CNG have little impacz on the dif 
C&M. 
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elas geomedeyerqeice if tn] price Of gasoline <sVer the 
price of CNG will result in greater O&M savings and a 
shorter payback pericd. Average annual miles is iiksly to 
PeRain ccnszant for any one activity; however, an activity 
may be interested in thea impact of varying the number of 
vehicles ccnverted. The analyst must keep in mind the 
effect average annual niles and thé number of vehicles 
converted have on the reguired numbers of compressors, 
cascade systems, and the resulting investment cost. 


Derived from equations 3.1 and 3.3, th2 equation fer C&M 


AO&M =n x ML((n(P - Pp leet =P i=-s)y(M)) + rp x OP (4 4) 
GAS CNG 


Where: 


Price of gasoline. 


G) 
~ 


cic2 of compressed natural gas. 


i?) 
% 
G 


Maintenance cost p2r mil¢. 

Mai MeeMeancerceas Savings faczor. 
Averege annual miles... 

AD Wal  Omeinc 2] permit fee. 

Number of vehicles, | 
Vehicle efficiency in gallons per mile. 


SH OmRN Sm WwW ty 


rH 
Won te ea 


x 


ieee ne SXCEDlIGcnh CL annual operating permits which 
Memeyeacccrd:ng to the number cf vehicl2s, O6&M Savings is 2 
Bemetscn cf the price difference between gasoline and 
Natural gas, avéerag¢ annual miles, and zhe number ct vehi- 
cles. Foamee 4.2 depzcers flsee= savings in O&M =x 1000 
average annual miles per vehicle as a Function cf the crice 
ci gasclire minus the price of CNG for various fleet sizes. 
The savings is computed by multiplying the value cbtained 
from the alkscissa by the average annual miles over vehicle 
divided by 1000. This value must be reduced by the annual 
operating permit fee multiplied by the number of vehicles. 
Fer the 72 vehicles az NPS averaging 5928 annual miles, 
and the current rcrices of gasoline and natural gas cf $1.196 


Mamet. ? Der gallon, respectively, the savings in O&M is 
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25000 


180 Vehicles 


20000 / 


OsM Savings per 1000 Vehicle Miles 


15000 
— 100 Vehicles 
Va 72 Vehicles 
10000 
as S50 Yehicies 
a 
$000 
0 G.5 baa 1.5 2.0 
Poas ~ Pence 
Sources: Text. 
Note: Savings must be reduced by the 


operating permit fee multipitied by the 
flect size. 


Figure 4.2 Gasoline and Natural Gas Prices vs. O&M Savings. 


ooo, 422. Emer op ys i) OO Pen eee Se yestment fcr the 
compresscr, cascade, and conversion kits, the payback would 
be approximately seven years. 

Tc achieve a three year payback pericd, annual Savings 
in O&M weuld have to be $43,900. SoS te 


e O&M in E€quaticn 
Beeeeaquel co $43,900, holding annual ni an 


1d «number of 
Seeleés constan=, and solving for OGAS - PCNG, che price 
difference would have to be at least $1.46 per galicn. 

Tc achieve a three year pavback using the Navy-wids 
avetage miles per vehicle/year of 7900, and average mile cer 
foeeon of 13.5 (Ref. 35], 143 vehicles weuld have to be 
converted. This is based on the crequiremen+ for two 


COMpLrEsscrs and a target annual O&M savings of $51,600. 
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Pe OUMMARY 


The linear program was designed for maximum flexibiliry. 
Cost cozificients and tight-hand side values may Le changed 
memeerlect changing prices and fleet characteristics of any 
aerivity. 

The linear crogramming solution to the above scenario 
calls fora fleet mix of two gasoline-powered vehicles and 
seventy CNG-powerzed vehicles. (A result of the arbitrary 
requirement for two gasoline-powéred v2hicles in the final 
sclution.) The total variable cost is $813,400. Added to 
this is the fixed investment COSseuect $47,100 (fer 2 
SemereesSc> and distribution system for a total LCC of 
memd0,50C0. Ccmpared to the LCC of $846,720 for sca 
Pewe red vehicl2=s, and in light of the décision criterion cf 


Salt  deeacwon 


Ht 


lowest LCC established in Chapter I, Ene 
Should be tc continue operating a a ae vehicles. 

mae tinal déscision rests en Chee seer ca Nene Of  ieex 
Seees. While the total LCC with CNG is $13,780 greatest than 
mee cx Gascline, anrual O&M zs $18,432 1 


the prices of gascline and natural gas, annual miles, and 


fTiset size, Savends au meOGMilayeaepe Of Such magnitude to 
foes ty incurrin che investment cost associated with CNG. 


For NES to recover the $131,790 investment in three years, 
annual O&M sévings would have ‘to be $43,900. To achieve 
this, <th¢ price differance betwean gasoline and CNG weuld 


have tc be £73.46 per gallon. 
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The purpese cf this thesis was <c provide fleet raragers 
Wit a consolidated source of information and decision 
mod2ls fer evaluating «he potential for using alternative 
pucis. Advantages and disadvantages of compressed natural 
gas (CNG), alcohol, and slactric vehicles were presenzed and 
a determination made as to their suitability as renlacements 


for gasoliné-powered vehicles. 


The gasolins-powered vehicle served as a kas¢line 
against which other alternativas were compared. Tc accono- 


date the different performance characteristics associated 
With eech alternative, measures of effectiveness w 
lished retiecting these differences and serv 
distinguish between high and low performance alternatives. 
These méasures wer2: range, usege rate, epeed, load 
Gapacity, and fuel availability. The mininum ievéel of 
effectiveness fort high verformance alternatives was set to 
preclud= replacing a gasoline-powered vehicle with an alter- 
Meeeve =<hat degraded its ability to perform its mission. 

The anaiysis was conducted in 1982 dollars and alte¢rna- 
tives were zvaluated based on their current s-ates-cof-the-art 
technclogy. The decision critericn was based on the oinin- 
mang tOtal iire cycle cost (LCC) of procuring, operating, 
and maintaining a fleet cf vehicles. 

Seventy-two vehicles at the Naval Postgraduate School 
Pee ssc ved aS a2 samples population for ccmparing total LCC. 
The pepulaticn consisted of sedans, station wagons, and 
Megat crucks with grcss vehicis ratings cf one =on cr less. 
fiemeceal LCC £cCr precuring, operating, and maintaining this 
fiest was $846,720. 
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Cempressed natural gas (CNG), when used as 


with gasoline, satisfied the minimun isvels o 


ful 

ry orth 
dwg 

at 

Lea 


for high performance alternatives. The prin 
its lower price per gallon and its plent 
although with natural gas deregulation, future gas f 
are uncertain. Bec2us2 CNG burns cleaner ‘than gasc 
Maintenance intervals may b@ extended and exhaust emissi 
reduced. Fuel efficiency may 52 increased because cf hetter 
Gerad Starting capabilitiss. CNG's lowe= su¢cific grav 
EeecOuais 2nd che aa= GOW Zange OF a wi iteceo: = has 
r* combustion make it a safer £ 

Ss akout 250 


e 
o u Ns) 
g two gas cylinders toa vehicis add 

The edditicznal 


Pellads and cccupies up to 7 cubic fset. 
weight reduces acceleration from 25 to 40 percant and fuel 


economy by 5 to 10 percent. 


The high initial investment cost is the major disadvan- 
tage to CNG. Conversion =0 CNG requires conrpresscrs, 
storage and distribution systems, and vehicles ccenversion 
mcs. The amount cf savings in O&M is dependent on she 
Beeee difference of gasoline and natural gas, ~he vehicle 
usage rate, and the number of vehicles converted. Us2ng 


Novemker 1982 fusl prices and Navy-wid2 average annual milés 
end fuel efficzrency data for Fiscal year 19871, 143 vehicles 
would have tc be converted to achieve a three year payback. 


The investment cost =o convert séeveanty-tyo vehicles at 


feo t= $131,700. Dicom WCC aroy oeoCirs, orerate, and 
Maintain seventy-two vehicles would be $459,692, or $12,972 
mor? than gasoline, however, annual O&M ccst would be 


reduced by 318,432. To achi2v2a a three year payback the 
price difference between gasoline and natural gas would have 


Memos as least 131.46 per gallon. 


Interes= in alcohcl (methanol and #thanol) has stemmed 
from a need to reduce the naticn's dependence cn foreign 
Gri. Cieca=nt ly > this interest has -2bb¢ed as a result of 
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moday"s Cii glu. Alcohol posées technical problems with 
Teneo: pertormence, distr. bution and handling, and compat- 
ability with Gaterials. These problems are ROG 
insurmountable and ere likely to be solved with further 
research. The advantage with alcohol is that delivery, 
storage, and dispensing systems would not be substantially 
differen= than gasoline system. Howaver, alcohol fer motor 
Memecle Use iS net currently produced in sufficient gquanti- 


ties to be considered as a viable alternative to gascline. 


Electric vehicles have shorter ranges, slower cruising 
sp2e2ds, and lights: load capacity than gasoline-powered 
vehicles yet they foe stem CaaS Of ~~ LULLzliandg §6scm2 


a 
Missicns currently vyerforned by gasoline-powered vehicles. 
They aré ideally suited foi short-rang2 delivery or utility 
vehicles with missions characterized by iow speeds and 
Meee rile stcrs. 

The analysis focused on EV's with commercial epplice- 
Stones. The EV's Gt@med Dy Sattronic Truck Ccrporatior 
were us2ed inthe analysis based on current availability, 
lowest procurement ccst of the five nanufacturers survayed, 
ema@ee Sultability for replacing gasoline-powersd vehicles 
without missior Lmpairment. AGquast=1oOn and kELattery 
replacement costs wTénain the biggest deterrent to FV use. 


nee Cos a 2: 


O) 


O Eee he WV Ss tandsaccured by Bettronic 
meuek CCrto=azion was $15,350, equiped with on-board char- 
gers. The tattery cack had a useful life of three years and 
Heme*#cost of $8, 800. 

Operating cost way be lower for specific applica*icns 
Seams when Ccmpazsd to inefficient ICE véhicles. Energy 


Semw=unp-2Cn IS Minimal when ths driving pattern is charac- 


terized by frequent stops, ccaszing, and dec¢eleraticn which 
do net ccnsume energy. Regenerative braking increases the 
range and reduces the operating cost. Renidd OGM COSty ces 


vehicle was $69 greater than that of gasoline 
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RHeNCUMreIMetcysnct 2<ue Clee eric motor Shouid result in 
lower maintenance cost; however, failurs rates are currently 
feegnecwing <O© the lack Of Maturity in the EV industry. A 
lack cf trained personnel for maintenance and difficulties 
ebtaining replacement parts have been cited as disadvantages 
by EV users. 

The LCC for one EV was $25,863. Thirty-five 

i 


vehicles at 
eplacement by EV's. 
a h 


NPS wers determined to be suitable for 
mae LCC fora flest of thirty-five EV's irty-s¢even 
gasolins-rpowered vehicles was Silos Oa 25%, S27 209 32) 605 


greater than a gasoline-powered fleen. 


The linear programming model was 2ffective in analyzing 
the variable ccest compenents of each alternative. i 


provided a means for assessing the impact of substituting 
oS=2 2 


peeomalie=na=ive for another On total varieble c: 


Heres ltiUSsceracive purposes; a constraint calling fora 
Minimum cf *wo gasoliné-powered vehicles was imposed lsading 
TO a scluticn that specified a fleet mix of ‘two gasolins- 
powered vehicles and seventy CNG-powered vehicles. The 
Var2takle LCC was $813,400 and, after adding fixed costs, <h¢ 
total LCC was $860,500. Phe Et=ses Year Savings in O&M and 
CP,N would be $20,279, and subsequéen= savings in O&M would 
fees 119,770. 

The linear program produced the range of LCC values over 
Mame h the fleet mix eclution remained valid, from which the 
Sensitivity of LCC d¢terminants could be analyzed. Gascline 
prices cculd decrease to $1.019 per gallon, or, natural gas 
Pe2ce> cculd increase +9 $0.75 per galicn without changing 
the fle3st mix. The final solution was relatively inssnsi- 
tive to maintenance ccst savings with CNG. 

The final fleet mix decision depended on the treat 
weer xecd ccsts. Adding the fixed costs to the va 


i 
costs obtained from the linear program changes the soluti 


BS) 





from a mix of CNG and gasoline to gasoline-powsred vehicies 


emily « 

Whele the  LC€C fcr CNG 35 ° 413,780 greater than «nak of 
gasoline, annual O&M is $18,432 less. The decisicr may be 
governed by the time it takes to recover fixed costs. Fon 
NPS, the payback period iS approximately seven years. 10 


achieve a three year payback period the price difference 
“between gascline and natural gas would have cto be $1.49 car 


gallon. 
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A. CCMHPUTATION OF ANNUAL CASH FLOWS 


Cash flews in year one are th? unit procurement costs 
and the cperating and maintenance costs for each alternative 
Meeeved £rom equations 3.1, 362, andens 2 32 GCesh ore ows in 
year two threugh nine are the annual op¢rating and mainte- 


Mence costs in 1982 dollars. For EV's in years four éend 
seven, the operating and maintenance costs are net of 


be=-e€ry replacement ccsts of $4,800 in procurement less $506 
in salvage value. Cash flows in the final year are net of 
vehicle salvage value. 

tnemOP,N and O&¥ ian the first and second conmsSrtrain= of 
the linear ctrogram aré the St y?ar cash flows. The O&M 


1G 
Smee ne third budget constraint are the cash flows in years 
nied 


oe 


feo, through tan disco *O present value using 2 10 


Meecen= disccunt rate. 


EB. CCMPUTATION OF BUDGETED CASH FLOWS 


McmmrGdcciG: £O© budgeting OFM in the Publ: Works 
Department of the Naval Postgraduat? School is to budaet the 


current year's O&M adjusted for inflation and increased by 


any @extracrdinary iters. The budgeted O&M for each yeer is 
the amount required to operates and maintain 72 gasoline- 
pow2red vehicles computed From equation 3.1, and considered 
co be the minimum amount that can be budgeted each year. 


The procurement budget is the average unit purchase price of 


gasolins-fpowered v2nicles plus additional OP,N availatle 
for investment and ay eee Time SDS oblem,. sufiicren- 


OP,N waS prcegrammed to includ2® =he cost of CNG ccnversion 
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Ker cS « 


and the kudgeted O&M and OP,N. 


Table X shows cash flows by year 


Year 


1 


(OP ,N) 
(O&M) 


Gas 
7,600 
aes 
os) S 
593 
693 
673 
693 
aS) & 
693 
oS) S 


(67) 


TABLE X 
Annual Cash Flows 


CNG 
on i 
437 
437 
437 
437 
437 
437 
437 
437 
437 
(323) 


a2 


EV's 
to ou 
iey2 
762 
762 
0 510 
ow 
762 
a, 050 
762 
762 
C5) 


Gor Gach alternative 


Budgeted 
631,600 
49,905 
4o7205 
49,905 
49,905 
49,905 
49,905 
195205 
W959 05 
49,905 
49,905 
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